NASA TECHNICAL 
TRANSLATION 


NASA TT F-338 


NASA TT F-338 


PHYSICAL METALLURGY OF TITANIUM 
I. I. Kornilov, Editor in Chief 


Sctence Publishing House, Moscow, 1964. 


NATIONAL AERONAUTICS AND SPACE ADMINISTRATION e+ WASHINGTON, D. C. + NOVEMBER 1965 


NASA TT F-338 


PHYSICAL METALLURGY OF TITANIUM 


I. I. Kornilov, Editor in Chief 


Works of the Fifth Conference on Metallurgy, Physical Metallurgy, 
and Application of Titanium and Its Alloys 


March 1963 


A. A. Baykov Institute of Metallurgy 


Izdatel'stvo Nauka 
Moscow, 1964 


NATIONAL AERONAUTICS AND SPACE ADMINISTRATION 


For sale by the Clearinghouse for Federal Scientific and Technical Information 


Springfield, Virginia 22151 — Price $7.00 


PREFACE 


PART I. 


TABLE OF CONTENTS 


METAL CHEMISTRY OF TITANIUM ALLOYS 


Prospects for the Development of Investigations of the 
Heat Resistance of Titanium Alloys 


Phase Diagram of the System Ti-O, and Some Properties 
of the Alloys of This System 


Equilibrium Diagram of the Quarternary System Ti-Al-Mo-V 


Phase Structure of Alloys of the System Ti-Al-Fe-Cr-Si with 


a Constant Content of Aluminum and Silicon 
Study of the Alloys of the Ternary System Ti-Al-Zr 


Phase Equilibrium of Alloys of the Section TizAl-2r of 
the Ternary System Ti-Al-Zr 


Study of the Phase Structure of the Alloys of the System 
Ti-Al-Zr Along the Section Ti2Al-4r 


Relationship of Structures Formed on Quenching Titanium 
Alloys to Equilibrium Phase Diagrams 


Stability of B Alloys of the System Ti-Mo-Cr-Fe-Al 


Metastable Polymorphism of Alloys Based on Elements of 
Group IV of the Periodic System 


Dilatometric Study of Transformations in Titanium Alloys 


Dislocation Theory of the Hydrogen Brittleness of Titanium 
Alloys 


Effect of Alloying on the Physicochemical Properties of 
Titanium 


Determination of the Characteristics of the Interdiffusion 
of Titanium and Molybdenum From the Attenuation of ¥ 
Radiation 


Lil 


Page 


D3 


58 


67 
72 


90 
IO 


110 


120 


137 


PART II. 


PART IIT. 


INTERACTION OF TITANIUM WITH GASES AND THE CORROSION 
PROPERTIES OF ALLOYS 


On the Redistribution of Impurities in Titanium and Its 
Alloys During Oxidation 


Effect of Oxygen on the Mechanical Properties of Heat- 
Treated Alloys AT3 and AT8 


Characteristics of the Oxidation of Certain Titanium 
Alloys During Heating Prior to Plastic Deformation 


Nitriding of Titanium Alloys at High Pressures 


Corrosion of Titanium Alloys of Series VT and AT in Solu- 
tions of Sulfuric Acid Containing Nickel Sulfate 


Chemical Stability of Titanium in Certain Aggressive Media 
and Scope of Its Use in Chemical Industrial Equipment 


Chemical Stability of Titanium in Hydrohalic Acids and 
Halogens 


Effect of Sodium Nitrite on the Corrosion of Titanium by 
Hydrochloric and Sulfuric Acid 


Study of the Use of Titanium Alloys in the Construction 
of Food Machines 

MECHANICAL AND TECHNOLOGICAL PROPERTIES OF TITANIUM ALLOYS 
Basic Prerequisites for Developing High-Strength Titanium 
Alloys With an a+ B-Structure by Means of Alloying and 
Heat Treating 


Strength of Interatomic Bonding of Single-Phase Alloys in 
the System Ti-Nb-Cr 


Study of the Creep of Alloys in the System Ti-V-Nb-Mo 
Characteristics of the Cold Brittleness of Titanium 


Creep of Alloy AT3 at 350° 


Study of the Creep and Thermal Stability of Alloy AT4 at 500° 


Determination of the Relaxation Resistance of Alloy AT3 


Creep of Alloys of the Quaternary System Ti-Zr-Al-Sn at 750° 


iv 


Page 


L46 


146 


15) 


161 
166 


17) 


181 


188 


202 


ell 


222 


222 


223 
231 
239 
29 
22 
261 


269 


Study of the Mechanical Properties of Titanium Alloys AT3, 
AT), AT6 and ATS in Relation to the Testing Temperature 


Study of the Comparative Heat Resistance of Titanium Alloys 
Sheet and Its Weld Joints at 450, 550, 650 and 700° 


High-Temperature Strength of Alloys of the Quaternary 
System Ti-Al-Mo-V 


Heat Resistance of Titanium Alloy AT8 in Short-Time 
Tests 


Thermal Stability of Alloys AT3 at Temperatures of 350 
and 400° 


Effect of Conditions of Plastic Deformation and Subsequent 
Treatment on the Properties of Certain Titanium Alloys 


Study of the Basic Parameters of Hot and Medium Temperature 
Rolling of Some Titanium Alloys Under Special Conditions 
of Stress 


Some Studies of the Structure and Properties of Alloy VI5-1 
During Heating for Stamping 


Some Characteristics of the Heat Treatment of Alloy AT3 
With a Low Content of Alloying Elements 


Some Problems of Fusion Welding of Titanium and Its Alloys 


Submerged Double-Arc Welding of Medium and Large Thickness 
Semifinished Products of Titanium Alloys 


study of the Mutual Diffusion of Titanium With Copper and 
Other Metals Suitable for Brazing 


Use of Optical Emission Microanalysis in the Study of 
Titanium Alloys 


Defect Inclusions in Titanium Ingots 


Metastable Phases of Titanium Alloys and Conditions of 
Their Formation 


Page 


276 


282 


283 


289 


290 


eo 


304 


305 


311 


318 


319 


320 


321 


332 


3h0 


PREFACE 


The holding of annual scientific and technical conferences on the problem 
of titanium has become an established tradition. At such conferences, the re- 
sults of research done by many scientific institutions and enterprises on vari- 
ous aspects of this problem during the preceding year are presented, and plans 
are drawn up for the further development of research and experimental industrial 
work on titanium and its alloys. 


The present collection includes the works of the Fifth Scientific Confer- 
ence, held in Moscow in March, 1963. 


The section "Metal Chemistry of Titanium Alloys" offers the results of 
a further development in research on the chemical interaction between titanium 
and the major elements of the periodic system in simple and multicomponent sys- 
tems, and presents phase diagrams with titanium as the main component that are 
of great scientific and practical interest. 


Of particular importance are the results of research on the interaction of 
titanium and its alloys with gaseous admixtures, particularly oxygen, nitrogen, 
and hydrogen, and on the influence of these admixtures on the physical and me- 
chanical properties of the alloys described in the second section of the collec-~- 
tion. This section also provides data on the chemical stability and corrosion 
resistance of titanium and some of its alloys in various corrosive media. 


The physical and mechanical properties of the alloys, the results of stud- 
ies of the creep and relaxation resistance and comparative high-temperature 
strength of experimental industrial and mass produced alloys are comprehensively 
discussed in the third section of the collection. 


The present collection constitutes evidence of the further progress made 
in the research on processes and phenomena taking place in titanium alloys 
under various conditions of industrial production and application, and directs 
the scientific and engineering thought toward the establishment of new goals in 
the problem of titanium and its alloys. 


It is hoped that the publication of the present collection will be met 
with interest by the scientists, engineers, and technicians of the country and 
will foster further progress in the scientific investigation, production and 
extensive introduction of titanium and its alloys into various branches of 
modern technology. 


IT. IL. Kornilov 
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PART I. METAL CHEMISTRY OF TITANIUM ALLOYS 


PROSPECTS FOR THE DEVELOPMENT OF INVESTIGATIONS OF THE HEAT 
RESISTANCE OF TITANIUM ALLOYS 


IT. L. Kornilov 


The problem of development of investigations into the heat resistance of 
titanium alloys has not been extensively treated in the literature. The state- 
ments of certain authors to the effect that on the basis of calculations of the 
diffusional mobility of titanium atoms it is difficult to expect a rise in the 
temperature limit of the high-temperature strength of titanium alloys above 
h00-450° are incorrect and have not been confirmed in practice. In its pure 
fdrm, titanium displays creep even at room temperature, and this creep increases 
with rising temperature. 


There are some real possibilities of substantially increasing the high re- 
sistance of titanium. They pertain to the physicochemical factors of the hard- 
ening of metals. By increasing the strength of the chemical bond obtained by 
forming solid solutions and compounds of titanium, one can raise the tempera- 
ture level of the strength of titanium. These basic factors involved in rais- 
ing the high-temperature strength of metals are discussed in references 1-4, 


From the standpoint of the physicochemical theory of heat resistance of 
metal alloys which we formulated and developed (ref. 3), high-temperature hard- 
ening is determined by the nature of the chemical interaction of the components, 
the nature of the phases formed in the system, their state, which depends on 
equilibrium factors, and transformations in the solid state. An increase in 
high-temperature strength is achieved primarily as a result of the action of 
the solution and dispersion mechanisms of hardening of metal alloys (ref. 3). 
For this reason, an important aspect of the high-temperature strength of ti- 
tanium alloys is the interaction of titanium with other elements. 


On the basis of the chemical properties of titanium (refs. 4 and 5), we 
divided all the elements of the periodic system into three main groups in re- 
lation to titanium; these elements form with the latter: 


(1) continuous solid solutions; 
(2) limited solid solutions with metal compounds, and 
(3) ionic compounds. 


Of all the elements of the periodic system, those which are the most im- 
portant for alloying titanium and hardening its alloys at high temperatures are 
those which we classified in the first and second group. There are over 50 
such elements. 


According to the classification which we adopted (ref. 4), the elements of 
these two groups are characterized by the following types of equilibrium dia- 
grams: 


1. Continuous solid solutions with a- and B-modifications of titanium, 
with. B 2 a-transformations; these include systems of titanium with its close 
analogues Zr and Hf. 


2. Continuous solid solutions with B-Ti, very. Limited solid solutions 
with a-Ti, and the two-phase 8 + w region; these include systems of titanium 
with metals of transition groups located close to titanium: V, Nb, Ta, Mo and 
U. 


3. Limited solid solutions of a- and B-Ti with a peritectoid reaction and 
formation of compounds; these include systems with Al, Ge, Sn, Pb, La, Ce, B, 
C, 0, N, etc, , 


4, Limited solid solutions of a- and 8-Ti with a eutectoid reaction and 
the formation of compounds; these include systems with Cr, Mn, Fe, Co, Ni, Cu, 
Si, and many others. 


All these types of interaction are reflected in the phase diagrams of 
these systems (ref. 6). We represented them in reference 5 in the form of gen- 
eralized equilibrium diagrams according to the types of interaction. 


In addition to these equilibrium diagrams of binary systems, one can also 
distinguish, in the corresponding ternary and more complex systems, quasi-binary 
and quasi-ternary systems which include systems made up of two, three or more 
metallic compounds of titanium. Among them, one can distinguish systems com- 
posed of isomorphous compounds such as Ti, Al-Ti,Sn, Ti,Al-Ti,In, Ti,Sn-Ti_fIn, 


3 3 3 3 3 3 


po TiFe,; Ticr,-2rCr, , Ti,Al-Ti,sn-Ti.tn, and many others. When certain 


conditions are maintained, all these systems of metallic compounds are capable 
of producing solid metallic solutions or ternary compounds. 


TiCr 


The physicochemical theory of high-temperature strength (ref. 3) and the 
equilibrium diagrams of the systems make it possible to determine the depend- 
ence of the high-temperature strength on the composition and structure of the 
alloys, and to use the derived relationships for the establishment of the sci- 
entific principles to be used in the development of new heat-resistant titanium 
alloys. 


Let uS examine some experimental data on the high-temperature strength of 
titanium systems. As was shown in references 7 and 8 in the Ti-Zr system at 
relatively low temperatures (300-400°), the high-temperature strength in the 


region of continuous solid solutions based on a-Ti changes with the composition 
by passing through a smooth maximum; as the temperature of the a = B transfor- 
mation (860°) is approached, the high-temperature strength is affected by the 
activated state of the atoms in the solid solution, which causes an increase in 
the rate of creep of the alloys. The same type of change in high-temperature 
strength should be expected in the Ti-Hf system. 


In systems with continuous 8 solid solutions limited by @ solid solutions 
of titanium and an intermediate two-phase aw + 8B region, the high-temperature 
strength not only increases in the region of @ solid solutions, reaching a small 
maximum near the boundary of the two-phase a + B region; in the two-phase region, 
the high-temperature strength decreases considerably, and as one moves into the 
region of 8B solid solutions and of increasing concentration of elements, the 
high-temperature strength increases again. We illustrated this with examples of 
the high-temperature strength of Ti-V and Ti-Nb systems (ref. 9). "Composition- 
high-temperature strength" diagrams of the systems Ti-Mo and Ti-Ta, which have 
not been studied experimentally, should be similar in character. Thus, in sys- 
tems with continuous B solid solutions and limited a solid solutions, the 
"composition-high-temperature strength" diagrams show only one maximum near the 
boundary of the qa = B transformation, a minimum in the region of a + B phases, 
and an increase in high-temperature strength in the region of B solid solutions. 
Elements forming limited solid solutions with a peritectoid reaction have an 
appreciable effect on the increase in the high-temperature strength of titanium. 
Most effective in this respect were found to be alloys of the Ti-Al system in 
the region of q limited solid solutions. Here a major part is apparently played 
by Kurnakov-type compounds, which form in this system owing to the ordering of 
the structure of q solid solutions. Without considering the results of studies 
(refs. 5, 6, 10 and 11) on the refinement of the equilibrium diagram of the 
system to be definitive, one can tell that from the qa solid solutions of this 
system are formed the compounds TiAl and TiAl (ref. 11) and, according to 


literature data (ref. 6), the compound TiAl, which crystallizes from the peri- 
tectic reaction. The presence of these compounds is particularly manifested in 
the variation. of. the mechanical properties (ref. 12) and high-temperature 
strength (ref. 13) of alloys of this system. The Ti-Sn is interesting in this 
respect. It also has a region of limited q solid solutions with a peritectoid 
reaction, and the compound Ti.Sn, having a hexagonal lattice, is formed therein 
(ref. 14). The high-temperattre strength of the alloys of this system with 
limited @ solid solutions is characterized by a maximum near the limit of maxi- 
mum solubility, a maximum vaiue of the high-temperature strength of the 6 phase 
based on the: compound Tiz8n, and a minimum of high-temperature strengt.i1 in the 


two-phase q + 6 region. "Composition-high-temperature strength" diagrams of 
this type should apply to the following analogous systems with limited solid 
solutions: Ti-Ag, Ti-Ge, Ti-In, Ti-Ga, Ti-Pb, Ti-Ce, etc. 


The above-enumerated systems of limited q@ solid solutions of titanium and 
peritectoid reactions are the most promising for the development of heat- 
resistant titanium alloys. The high-temperature strength of systems with a low 
solubility of the components in a-Ti and a eutectoid reaction has been studied 
to a lesser extent. These systems (fig. 1) are characterized by low tempera- 
tures of the eutectoid transformation. The lowest temperature of the eutectoid 
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Figure 1. Phase diagrams of titanium systems 
with a eutectoid transformation. 1, Ti-Cr; 


2, Ti-Mn; 3, Ti-Fe; 4, Ti-Co; 5, Ti-Ni. 


transformation is found in the system Ti-Mn; the temperature of the eutectoid 
transformation rises as the elements of the 4th period become farther removed 
from Ti. On this basis, elements of the 4th period can be arranged in a series 


characterized by a gradual rise in the temperature of the eutectoid transforma- 
tion, as follows: Mn ~ Fe ~ Cr ~ Co ~ Ni > Cu. 


A certain deviation of Mn and 
Fe from the sequence of this series has thus far remained unexplained. The 
solubility of these metals in a-Ti (fig. 1) amounts to tenths of one percent, 
with the exception of copper, in which it attains 2 atomic (at.) percent. The 
very limited solubility of these metals in q-Ti and the eutectoid transformation 
determine the high-temperature strength of the alloys of similar binary systems. 
A low strength can be expected in the systems Ti-Mn and Ti-Fe with low tempera- 
tures of the eutectoid transformation and a gradual rise in this strength can be 
expected as one passes to the systems Ti-Cr, Ti-Co and Ti-Ni, since in the lat- 
ter a gradual rise in the temperatures of the eutectoid transformation is ob- 
Served. The highest values of the high-temperature strength can be assumed to 
prevail in alloys of the system Ti-Cu, both because of the high concentration of 
solid solutions of copper in qa-Ti, and because of the maximum value of the tem- 
perature of the eutectoid transformation of this system. An additional harden- 
ing in these systems also can be caused by dispersed precipitates of the excess 
phase from supersaturated qa solid solutions of titanium. However, no experi- 


mental data are available on the high-temperature strength of such binary sys- 
tems, and the latter must be investigated independently. 


Systems composed of titanium compounds with other metals are promising for 
increasing the high-temperature strength of titanium. 


One of such interesting 


systems is a quasi-binary section of the ternary system Ti-Al-Sn (refs. 15 and 
16) passing through the compositions of two compounds: TEAL and Ti,Sn. An 
experimental study of this system showed that on the polythermal section of the 
alloys of these two compounds at high temperatures (fig. 2, upper part), the 
system is not quasi-binary and the alloys crystallize in the eutectic type. At 
low temperatures, below the temperature of formation of the compound TAAL from 
the q solid solution, the system becomes a quasi-binary one composed of two in- 
termetallic compounds, TizAl-Ti.8n, Ti3AL being formed from the q solid solu- 


tion, and Ti28n being formed during crystallization. These two compounds with 


an isomorphous hexagonal lattice form continuous solid solutions, as was shown 
in reference 16. 


A study of the high-temperature strength of the alloys of this section as 
a function of Ti,Sn content (by the flexural method) has shown that the strength 
changes in accordance with the "composition-high-temperature strength" diagram 
of the first type. As is evident from the series of curves in the lower part of 
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Figure 2. Phase diagrams and composition versus 


high-temperature strength of alloys of the ternary 


system Ti-Al-Sn along the section TL,AL-Ti Sn. 


figure 2, the time necessary for the bending deflection to reach 2, 3, 4, 5 and 
7 mm passes through a smooth maximum in the region of alloys containing 440-60 
percent Ti28n. The selected temperatures were 700-750°, and the stresses, 


15-25 ke /mm“. We obtained similar results on the section corresponding to com- 
positions of the compounds Tigh -Tisn. 


Taking as the basis the compositions of the compounds TigAl and TizAl, by 


additional alloying with hardening elements, the author in collaboration with 
T. T. Nartova developed new heat-resistant titanium alloys based on Ti¢Al com- 


pounds with a working temperature up to 700°, and alloys based on TizAL with a 
working temperature up to 800° (refs. 17 and 18). 


In a study of the stress-rupture strength of alloys based on the compound 
TigAl at 700° (fig. 3) by the standard extension method, we established the de- 


pendence of the time of failure of the specimens on the given stress (ref. 18). 


Although data on the high-temperature strength and many other properties 
of alloys based on the compounds TigAl and TiAl have thus far been insuffi- 
cient, it is nevertheless possible to assume that certain compositions of al- 
loys based on these compounds make it possible to attain working temperatures 
of 600-8009, i.e., approximately those which correspond to the temperatures of 
application of stainless austenitic steels and certain heat-resistant nickel 
alloys. It should be emphasized that the specific gravity of titanium alloys 
based on the compounds TigAl and TizAl is almost one-half of that of steel and 
nickel alloys. However, it should be kept in mind that the plastic properties 
of titanium alloys based on these compounds will be considerably lower than 
those of austenitic steels and nickel alloys. 


The literature contains evidence on the development of highly heat- 
resistant titanium alloys whose base is the compound TiAl (ref. 19), as we had 
also pointed out in our work (ref. 20). Of special significance is the group 


Figure 3. Stress-rupture strength of titanium alloy based 
on the compounds TigAl and of austenitic steels at 700°. 
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of alloys based on intermetallic compounds that are heat-resistant casting 
titanium alloys. Real prospects for the development of new heat-resistant ti- 
tanium alloys are opening up thanks to studies of multicomponent systems. This 
was pointed out in connection with the development of heat-resistant titanium 
alloys based on qa solid solutions of the system Ti-Al-Cr-Fe-Si-B (ref. 21). Of 
great interest in this respect are ternary, quaternary and more complex systems 
based on titanium. In these systems, one can distinguish alloy compositions 
corresponding to the region of solid solutions of q- and B-Ti, and to quasi- 
binary and quasi-ternary sections of intermetallic systems. 


Among promising heat-resistant alloys based on the q-structure one should 
also distinguish such important ternary systems as Ti-Al-Sn, Ti-Al-Zr, Ti-Al-Cu, 
Ti-Al-Mo and many others. Among quaternary systems of this series, the follow- 
ing may be considered important: Ti-Al-Sn-Zr, Ti-Al-Zr-Cu, Ti-Al-Zr-Cr, 
Ti-Al-V-Mo, etc. 


Let us examine the three-dimensional diagram of a part of the quaternary 
system Ti-Al-V-Mo (fig. 4). A wide region of q solid solutions which is adja- 
cent to the edge of the tetrahedron is visible in this figure. In addition, in 
the portion of the system under study, there is a region of quaternary B solid 
solutions which is of interest in a study of heat-resistant alloys based on the 


stable B-structure. 


An example of titanium alloys with a wide region of the stable B-structure 
is the ternary system Ti-Cr-Mo, studied in reference 22. One of the isotherms 
(at 600°) of the system (fig. 5) shows the principal phase regions in this 


Figure 4. Three-dimensional diagram of a 
part of the quaternary system Ti-Al-Mo-V. 


ithe system Ti-Al-V-Mo was studied in detail by Ye. N. Pylayeva and Ko Chih-ming 
(see this collection, pp. 26-29). 
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Figure 5. Isothermal section of the 
ternary system Ti-Cr-Mo at 600°. 


system, including the wide region of B-ternary solid solutions. This system 
and other similar ones make it possible to develop new heat-resistant titanium 
alloys based on the stable B-structure, 


Using the data of Ye. N. Pylayeva and Ko Chih-ming, we present a 
"composition-high-temperature strength" diagram of the alloys of the quaternary 
system Ti-Al-Mo-V (fig. 6). The alloys correspond to a radial section with 20 
percent Al and a variable content of the sum V+ Mo = 1:1. The same figure 
shows curves characterizing the time necessary for a bending deflection of 2, 5 
and 1O mm as a function of the variable content of the sum V + Mo (from 0 to 5 
percent). The tests were carried out at 700-800? and at a constant stress of 


15 ke/mm®. The curves show that the alloys of this system have maximum values 
of high-temperature strength at 700-800 in the vicinity of the saturation limit 
of the a solid solution. 


Considering the possibilities of obtaining working temperatures of 600-800° 
for certain heat-resistant titanium alloys, one can compare the rates of in- 
crease in the temperature level of the high-temperature strength of titanium al- 
loys with those of nickel alloys. The curves representing the rise in the tem- 
perature level of high-temperature strength with the years for titanium alloys 
(fig. 7, lower curve) and nickel alloys (fig. 7, upper curve) show that in 
approximately ten years (1952-1962) the temperature level of the strength of 
titanium alloys rose from 200 to 800%, i.e., by 600°, while the temperature 
level of nickel alloys increased in ten years (1949-1959) from 700 to 950°, 
i.e., by 250°, 


This is explained by the fact that in titanium alloys there are unex- 


ploited possibilities of hardening and raising the temperature level of the 
high-temperature strength. Studies in this direction were begun only 5-6 years 
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Figure 6. "“Composition-high-temperature strength" diagram at 
700-800° of alloys of the system Ti-Al-Mo-V; section with 20 
percent Al at a variable content V:Mo = 1:1. 
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Figure ~. Rise in the temperature level of the strength 
of nickel (1) and titanium (2) alloys in 10 years. 


ago, whereas the high-temperature strength of nickel alloys has now been stud- 
ied for over 15 years, and the basic factors affecting their hardening have now 
been almost exhausted. The prospects for a further increase in the temperature 
level of the high-temperature strength of titanium alloys have not yet been ex- 
hausted, and further systematic, investigations will make it possible to raise 
it still further. 


Summary 


Jl. The article has established certain relationships governing the de- 
pendence of the high-temperature strength of titanium alloys on the nature of 
the interaction of the components with titanium, types of equilibrium diagrams 
of the systems, and structure of the alloys. 


2. Experimentally obtained "composition-high-temperature strength" dia- 
grams of certain simple and multicomponent titanium systems will make it pos- 
sible to use these relationships for the development of new heat-resistant 
titanium alloys having optimum properties. 


3. An important role in the creation of new heat-resistant titanium al- 
loys is played by the stable structures of q and B solid solutions and also by 
metallic compounds of titanium and alloys based on these compounds. 


4, Promising in this respect are multicomponent q@ and B solid solutions 
of systems based on titanium and the titanium compounds Ti¢Al and TizAl, which 


are formed from q solid solutions of the system Ti-Al. 

5. Alloys made from the phases enumerated above can have working temper- 
atures up to 600-800°. 
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PHASE DIAGRAM OF THE SYSTEM Ti-O, AND SOME PROPERTIES 


OF THE ALLOYS OF THIS SYSTEM 


I. I, Kornilov and V. V. Glazova 


The character of the interaction between titanium and oxygen and the equi- 
librium diagram of this system heretofore have been based on the concept of the 
existence of a wide region of q@ solid solutions of titanium with oxygen and on 
the existence of the compounds TiO, Ti,03 and TiO, in this system (fig. 1). 


The variation in the physicochemical, mechanical and other properties of 
the alloys of the system Ti-O05 has been also represented until now on the basis 


of a wide region of interstitial-type q solid solutions, up to 32 at. percent 
Op (refs. 1-7). The literature contains only limited data on detailed studies 


of the behavior of oxygen in the region of qa solid solutions and on the influ- 
ence of certain possible reactions in the alloys in the solid state on the 
properties of titanium alloys. 


In the last few years, evidence has accumulated in some studies on the 
possibility of the formation of an ordered structure in the region of the qa 
solid solution of titanium with oxygen. Investigations of alloys of titanium 
with oxygen by methods of x-ray structural analysis (refs. 8 and 9) and by the 
electrical resistance method (ref. 10) revealed an anomalous variation in prop- 
erties when the alloy contained about 25 at percent On. 


It was noted that the ordered state of alloys of this system is stable at 
temperatures up to 400° (ref. 8). Ye. S. Makarov (ref. 11) used the x-ray 
method to reaffirm the continuous nature of the variation in the crystal struc- 
ture of the chemical compound of variable composition of aQ-phase-type in the 
system Ti-05; in the view of the authors of this article, this is associated 


with the continuous reaction of addition Ti + xO = TiO, + Q, where x can change 


continuously from zero to a value corresponding to the boundary of phase inho- 
mogeneity. This purely physical interpretation of the behavior of oxygen ina 
solid solutions based on titanium has not accounted for the chemical role of 
this metalloid in the formation of various types of compounds in a medium of 
metallic solid solutions. 
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Figure 1. Equilibrium phase diagram of alloys of the 
system Ti-05 (according to the data of reference 5). 


1, one phase; 2, mixture of phases; 3, start of fusion; 
4, partial fusion; 5, complete fusion. 


An analysis of the data on the interaction of metals of group IV of the 
periodic system with oxygen has enabled one of the authors (ref. 12) to postu- 
late a possible formation of the compound T1230 in this system. This is con- 


firmed in particular by a smooth maximum on the constitution diagram of the 
system Ti-0, corresponding to the region of 25 at.percent 05 (fig. 1). The 


expressed arguments concerning possible suboxide compounds of titanium with a 
metallic bond character follow from an analysis of the chemical properties of 


titanium and its tendency to form intermetallic compounds with electronegative 
elements (refs. 12 and 13). 


Considering the pronounced activity of oxygen atoms in interstitial solid 
solutions, one could assume the formation of similar compounds from the a solid 


solution in the system Ti-O5 on slow cooling or prolonged exposure to low tem- 
perature conditions. 


Later, on the basis of the very incomplete investigations of Hurlin (ref. 
14) into the structure of the scale and investigations into the dependence of 
the electrical resistance of cast alloys on the composition carried out by 
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Wasilewsky (ref. 15), hypotheses were also advanced concerning the possible ex- 
istence of the compounds Tigo and T1320. 


All of the above leads to the conclusion that the nature of the chemical 
interaction between titanium and oxygen is far from being as simple as would 
follow from the phase diagram (fig. 1) given in Hansen's handbook (ref. 5). 


Attributing a major theoretical and practical importance to the problem 
of the interaction of titanium with oxygen and to the elucidation of the chem- 
ical nature of the alloys of this system, we carried out a detailed study of 
the system Ti-O5 and the range of concentrations from zero to 35 at.percent Oo. 


The alloys were prepared by fusion in an are furnace with a nonconsumable 
electrode in an argon atmosphere. 


The starting material for the preparation of the alloys was iodide ti- 
tanium (99.9 percent Ti) with the following main impurities: Mg (0.01 per- 
cent), Si (0.01 percent), Al (0.01 percent), Fe and Ni (< 0.01 percent), 

Cr (0.01 percent), O5 (0.01 percent), and Nz (0.01 percent). 


Oxygen was introduced into the alloys in the form of a Ti-O5 master alloy 


containing 15.8 wt percent. The master alloy was prepared by melting bars 
pressed from titanium and titanium dioxide of 99.93 percent purity in an arc 
furnace, . 


The above method was used to prepare alloys containing 0, L, 3, 5, T, etc. 
at, percent oxygen up to 35 at. percent. 


Alloys of 10 compositions were subjected to chemical analysis by using the 
vacuum fusion method. Results of the analysis showed that the oxygen content 
of the initial mixture was in good agreement with the data of the chemical 
analysis. 


The cast alloys were subjected to homogenizing annealing in vacuum at 
800° for 1000 hours. 


After the homogenizing annealing at 800°, the alloys were annealed at 00, 
600, 800, 850, 1000 and 1400° for 600, 400,. 1000, 100, 100 and 2 hrs, respec- 
- tively, and quenched in ice water. 


In the study of the alloys, use was made of methods of physicochemical 
analysis developed by N. 5. Kurnakov, which involved the plotting of 
"composition-property" phase diagrams (refs. 16 and 17). 


Such methods included microscopic and x-ray structural analyses, measure- 
ment of microhardness, electrical resistance, and temf. 


The microhardness was measured with a PMT-3 instrument under a.load of 
200 g using the method described in reference 18, 
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The etchant used to develop the microstructure of the alloys was a mixture 
made up of 20 pts. HF, 20 pts. HNO3, and 60 pts. glycerin (by volume). 


The electrical resistance of the alloys was measured by the probe method, 
since alloys containing more than 10 at, percent O5 were brittle and could not 


be subjected to any kind of machining. 
Specimens for the measurement of the electrical resistance were made by 
casting the alloys in ingots 6 mm in diameter. The electrical resistance was 


measured on specimens 25-30 mm high. 


The temf was measured on Specimens on which the electrical resistance had 
been studied earlier, in contact with copper. 


The x-ray structural analysis was performed On powders prepared from sam- 
ples for microscopic investigation and heat-treated at 400, 600, 800 and 1000°. 
The x-ray patterns were recorded with copper radiation and a nickel filter, 
using two films. Studies of alloys of the Ti-05 system by the above methods 


gave the following results. 


Microstructural analysis of alloys quenched after prolonged annealing at 
400° showed that alloys containing less than 10 and more than 22 at.percent 0» 


consisted of a single phase. A second phase appeared in the structure of al- 
loys with 10, 11, 12 and 13 at.percent O5 and also in that of alloys with 16-21 


at,percent O5. Alloys with 14 and 15 at. percent had a single phase. 


The structure of alloys quenched from 600° was approximately the same as 
that of alloys quenched from 400°. 


The alloy with 5 at.percent 05 has a polyhedral structure (fig. 2a), and 
the alloys with 10 and 16 at.percent 05, a two-phase structure (fig. 2b and c). 
The alloy with 25 at.percent O5 is characterized by the presence of slip lines 
in the structure (fig. 2d). ‘The same structure was observed in alloys with a 
higher oxygen content, up to 30 at.percent (fig. 2e). The microstructure of 


the alloy with 35 percent oxygen is shown in figure ef. 


Microscopic analysis of alloys quenched from 800° showed that those with 
13, 14 and 16 at percent 0, were two-phase alloys, and that the structure of 


the remaining ones was polyhedral. It should be noted that all specimens of 
alloys containing more than 10 at. percent O5 were covered with cracks and 


pores whose quantity increased with rising oxygen content. 
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Alloys quenched from 850° had a polyhedral structure, with the exception 
of the alloy with 25 at. percent O05, which retained the slip lines at all quench- 


ing temperatures. 
In the analysis of the microhardness of alloys of the Ti-0, system 


quenched from 400 and 600°, the "microhardness-composition" curves displayed 
two singular minima corresponding to compositions with 14.5 and 25 at. percent 


On (fig. 3a). 


The isotherm at 800° has a noticeable inflection on the curve at 14.5 at. 
percent 0n, and a marked minimum at 25 at. percent Oo. 


Isotherms at 1000 and 1400° of the "microhardness-composition" curves dis- 
play singular minima for the composition with 25 percent Oo. 


It should be emphasized that one group of alloys in the cast state ex- 
hibited a microhardness maximum in the alloy with 25 at. percent 0,, which fol- 


lowing heat treatment at 800° changed into a minimum, 


Figure 3b shows the dependence of the electrical resistance on the compo- 
sition of alloys quenched after holding at 800, 1000 and 100°. 


On quenching from 800°, the electrical resistance rises abruptly from 45.8 
mohm/cm for pure titanium to 158 mohm/cem for-the alloy with 10 at. percent Op. 


In the alloy with 15 at. percent O05 the electrical resistance rises sharply, 


reaching 466 mohm/em; this is followed by a rise to 500 mohm/cem for the alloy 
With 22 at. percent O5, then by a sharp decline in electrical resistance. 


The alloy with 25 at.percent 0, has a resistance of 150 mohm/em. As the 
oxygen content increases, the electrical resistance rises to 639 mohm/cm. 

An analysis of the curve representing the electrical resistance of alloys 
quenched from 1000 and 1400° versus composition shows the presence of a singu- 
lar minimum at 25 at.percent 05. It should be noted that in many cases at 25 
at.percent O05, the cast specimens display a maximum which after a prolonged an- 
nealing of the specimens changes into a minimum. 


Let us examine the dependence of the temf of alloys of the Ti-0O5 system 


on the oxygen content, in a-couple with copper after quenching from 800, 1000 
and 1400° (fig. 3c) 


On quenching from 800°, the temf decreases sharply from pure titanium (30 
mV/deg) to a composition with 14 at.percent O5 (-78 mV/deg). It should be 
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noted that at a content of 5 at. percent Ons the temf changes sign, indicating 


a change in the type of conduction from hole to electron conduction. In the al- 
loy with 25 percent O55 the value of temf is at a minimum. 

On the isotherms at 1000 and 14009, a singular minimum is preserved only 
in the composition with 25 at, percent Oo. 
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Figure 3. Dependence of the microhardness (a), electrical 
resistance (b) and temf (c) on the composition of alloys of 
the system Ti-0. after quenching from various temperatures. 
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Preliminary data of x-ray structural analysis show that the alloy with 25 
at.percent Op at temperatures up to 1400° has one superstructure line, while no 


superstructure lines have thus far been observed in the alloy with 14.5 at, per- 
cent 05 under these conditions of heat treatment. 

Thus, based on the results of microstructural analysis and on the 
"composition-property" diagrams in the concentration range studied, one can as- 
sume that in the Ti-0, system there are two new compounds: Tig0 and Ti320. 


The nature of the "composition-property" chemical diagrams at 800° and 
also data of the microscopic analysis lead to the conclusion that the compound 
Ti,0 is stable up to 820-830°. 


The compound T1320 with an ordered structure is apparently stable above 


1400°, since the singular character of the "composition-property" diagrams at 
this temperature remains unchanged. 


A study of the state of this compound at higher temperatures up to the 
melting point (1900°) requires a special investigation. 


The results of the present study have produced a new equilibrium phase 
diagram of the alloys of the Ti-O5 System for compositions containing less than 


35 at. percent On. It follows from this diagram that the compounds Tig0 and 
and Ti,0 are formed in the Ti-O5 system. 


The similarity between titanium and zirconium and the nature of their in- 
teraction with oxygen leads to the assumption that the compound 4r¢60 and 2r20 


may exist in the system 4Y-05. 
The new compounds Ti¢0 and L120 established in the present work, and the 
regions of their existence on the phase diagram of the Ti-O5 system are of 


major importance in the metal chemistry and physical metallurgy of titanium 
alloys. These new compounds should serve as a basis for the study of equilib- 
ria in complex titanium systems with oxygen, and for the elucidation of the 
influence of oxygen on the physicochemical and mechanical properties of tita- 
nium and its alloys (ref. 19).. 


In the light of what was stated above, it appears very interesting to 
study the influence of oxygen on the characteristics of the stability of the 
chemical bond, since it is these characteristics which, in the final analysis, 
determine the degree of stability of the alloys in applications at high 
temperatures. 
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Figure 4. Phase diagram of alloys of the system 
Ti-0, (based on the data of the present work). 


Oo, structure of the qa solid solution;9@, a+ y¥y 
phase;m@a,a+ 5 phase. 
The pertinent data for the Ti-0,, system which are available in the litera- 


ture are scarce and pertain to a concentration range of not more than 20 at. 
percent On. 


To solve this problem, we undertook detailed investigations of the thermal 
expansion of the alloys of the Ti-O5 system in the concentration range from 


zero to 32 at.percent 05 at temperatures up to 800°. This study was made with 


an indicator dilatometer (ref. 20), using specimens quenched from 800° after 
soaking for 1000 hrs. 


The heating was carried out at the rate of } deg/min. 
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In order to compare the Ti-O5 system with the equilibrium phase diagram 


(fig. 5a), we show the dependence of the ratio A 1/1 on the composition of the 
alloy at 100, 200, 300, 400, 500, 600, 700 and 800° (fig. 5b). 


It follows from this figure that all the isotherms are qualitatively simi- 
lar in character. At first, when titanium is alloyed with oxygen, the thermal 
expansion at every given temperature shows a certain decrease. A relatively 
slight minimum corresponds to the composition Tigo. A further rise in oxygen 


content causes an increase in thermal expansion up to 23 at. percent O55 and 


this is followed by a precipitous decline. <A marked singular minimum corre- 
sponds to the composition TiO. 
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Figure 5. Comparison with the equilibrium phase 
diagram (a) of the dependence of the thermal ex- 
pansion (b) and its coefficient (c) on the com- 
position of alloys of the system Ti-O.. 
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From these data, values of the coefficient of thermal expansion a as a 
function of the composition for the temperature range of 20-1009 were calculated 
(fig. 5c). It follows from this figure that the concentration dependence q@ is 
qualitatively similar in character to the dependence of A 1/1 on the composition 


(fig. 5b). 
The data obtained on the thermal expansion of alloys of the Ti-O5 system 


Over a Wide concentration range lead to the conclusion that when titanium is 
alloyed with oxygen, the stability of the chemical bond in the alloys increases 
up to 14.5 at. percent O5. The character of the concentration dependence of 


this characteristic is distinguished by the presence of specific points corre- 
sponding to the compounds Tig0 and T1320. 


It should be noted that the compound Ti.,0 is particularly characterized by 


3 
sharp Singular extrema of the "composition-property" curves; this feature sets 
it apart as a chemical species whose interatomic bonds in the crystal lattice 
are very strong. 


In connection with the investigated novel character of the chemical inter- 
action and phase equilibrium in the Ti-05 system, the study of the influence of 


oxygen on the creep of titanium at various temperatures appeared of great in- 
terest. In contrast to the studies of other authors (refs. 1-4), this property 
was studied over a wide range of oxygen concentrations (up to 18 at. percent). 


To this end, alloys were prepared containing 0.02, 0.39, 0.75, 1.25, 1.66, 
3, 4, 8, 10, 15 and 18 at, percent 0,. Alloys containing more than 4 at, percent 


O5 were prepared by the powder method at a sintering temperature of 1500°. 


Alloys of all compositions were annealed at 800° for 200 hr and were slowly 
cooled from this temperature. 


Tests for hot hardness were made with a VIM-1 unit at pressures of 107 3- 


1074 mn Hg. The hardness was determined by indenting the specimen with a dia- 
mond pyramid having a leap angle of 136°, The load on the indenter was ] kg. 
The duration of deformation at each temperature was 0.5, 5 and 50 min. The 
measurements were made at 300, 400, 500, 600 and 700° (table 1). 


The results of the measurements were treated graphically by plotting the 
diagonal of the indentation versus log time for various temperatures. It was 


thus established that the time dependence of the size of the diagonal of the 
indentation at each temperature is described fairly rigorously by the equation 


d = ar, (1) 
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where a and b are parameters dependent on the nature of the alloy, the testing 
temperature and the load on the indenter; t is the testing time. 


Parameters a and b were determined (table 2) from the working graphs for 
the dependence of the logarithm of the holding time under load. 


On the basis of these data and from the equation 


Ig Va lgb+ 22-184, (2) 


proposed in references 22 and 23, a calculation was made of the rate of creep 
at the instant when a given value of the indentation diameter was reached. 


In references 21 and 22 it was shown that the concentration dependence of 
the log of the rate of creep for a series of alloys was in qualitative agree- 
ment with the concentration dependence of the rate of creep obtained during 
extension. _ 


Values of log V3; of alloys of the Ti-0, system for d = 0,12 mm (at 300, 


4OO and 500°) and d = 0.18 mm (at 600 and 700°), calculated from equation (2) 
are shown.in Table e. 


We shall compare the concentration dependence of the log of the rate of 
creep, log V, (figs. 6b and c), with the equilibrium phase diagram of the sys- 


tem Ti-0, (fig. 6a). 

The concentration dependences of log Va shown on the graph give a clear 
representation of the behavior of the alloys of the Ti-0,, system at high tem- 
peratures under load. It should be noted that in an analysis of these results, 


the highest stability of the alloys under load corresponds to the lowest nega- 


tive values of Log Va: 


At 300°, the isotherm of log Vg is characterized by an appreciable drop in 


the concentration range from zero to 2 at, percent, where oxygen has practically 
no influence on the change in log Vao and hence, on the stability of the alloys 


under load. 


A further increase in oxygen content causes a sharp drop on the curve 
representing the concentration dependence of log Vas this corresponds to an 


increase in the stability of the alloys under load, and log V, becomes 4 times 


smaller than in pure titanium. A comparison of this curve with the equilibrium 
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Figure 6. Comparison of the equilibrium phase 
diagram with the dependence of the creep rate on 
the composition of the alloys of the system Ti-O5. 


phase diagram of the Ti-05 system shows that a sharp increase in the resistance 


to plastic deformation, according to the physicochemical theory of high- 
temperature strength (ref. 23), is associated with a shift to the two-phase 
region (a + y), in which the second (y) phase is a solid solution based on the 
compound Tig0 and belonging to the class of Kurnakov's compounds. 


The isotherms of log V, at 400, 500 and 600° are completely similar in 


d 


character, and in the concentration range of 2-8 at. percent 0, there is even 


observed a tendency toward an increase in log V5 Or a decrease in the resist- 


ance to the plastic deformation of the alloys at these temperatures. 


The isotherm of log V, at 700° for the alloy with 10 at. percent. (3.58 wt 


d 


percent ) Op does not show any increase in the resistance to plastic deformation, 


2) 


as in the case of other temperatures, and this again corresponds to the estab- 
lished phase: diagram of the Ti-0, system, since at. 700° the alloy with 10 at. 


percent O05 remains a Single-phase alloy. 


Thus, a complete correlation is observed between the nature of the chemi- 
cal interaction in the Ti-0, system, the type of "composition-creep" diagram 


at various temperatures, and the character of the atomic interaction in this 
system. 


oummary 


1. Methods of microstructural and x-ray structural analysis as well as 
measurements of microhardness, electrical resistance, and temf were used to 
study the alloys of the Ti-05 system quenched after annealing at various tem- 


peratures in the concentration range of zero to 35 at. percent Oo. 


2. Results of these investigations and the "composition-property" dia- 
grams obtained made it possible to establish the existence of the new compounds 
Ti¢0d and Ti20. 

3. The concentration and temperature limits of the existence of these 
compounds were determined, and a new equilibrium diagram of the Ti-O, system 


was proposed. The compound TigO is stable up to 820-830°, while the compound 


Ti.0 is thought to be stable above 1400°. The compositions of the compounds 


3 
should be characterized by a maximum degree of ordering of oxygen atoms in the 
lattice of the @w solid solution. 


4, The thermal expansion of the alloys of the Ti-0, system was studied 


over a wide temperature and concentration range. On the basis of the data ob- 
tained, the dependence of the coefficient of thermal expansion on the composi- 
tion of the alloys of the Ti-O, system was established. Analysis of the con- 


centration dependence of this property led to the conclusion that the stability 
of the chemical bond between the atoms of titanium and oxygen increases in the 
crystal lattice of alloys and compounds TiO and Ti20. 


5. The hot hardness of the alloys of the Ti-0, system were studied in the 
concentration range of zero to 18 at.percent and in the temperature range of 
300-7009 for various holding times under load at each temperature. From the 


data obtained, the rates of plastic flow of the alloys of this system at the 
instant when a given value of the indentation size was reached were calculated. 
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6. The general nature of the influence of oxygen on the behavior of tita- 


nium under load at various temperatures was established, and a correlation be- 
tween this dependence and the new equilibrium phase diagram of the Ti-O, system 


was noted. 


Finally, the authors express their thanks to T. F. Zhuchkova, who was of 


great assistance in the execution of this work. 


14. 
15. 


REFERENCES 


Borisova, A. A. Coll. "Titanium and Its Alloys," Izd-vo AN SSSR, No. 3, 
p. 23, 1960. 


Jehknis, A. and Worher, H. J. Inst. Metals, Vol. 80, No. 4, p. 157, 1951. 
Yakimova, A. Ya. Influence of Hydrogen and Oxygen on the Properties and 
Structure of Titanium Alloys. Author's abstract of candidate's disser- 
tation (Vliyaniye vodoroda i kisloroda na svoystva i strukturu 
titanovykh splavov. Avtoref. kand. diss.). Institut metallurgii imeni 
A, A. Baykova (A. A. Baykov Institute of Metallurgy), Moscow, 1959. 
Suiter, J. J. Inst. Metals, Vol. 83, part 10, p. 460, June 1955. 


Hansen, M. and Anderko, K. Structure of Binary Alloys (Struktura dvoynykh 
splavov). Metallurgizdat, Vol. 2, 1962. 


Ehrlich, P. P. z. Anorg. Chem., Vol. 247, p. 53, 1941. 
Bamps, E., Kessler, H. and Hansen, M. TASM, Vol. 45, p. 1008, 1953. 


Anderson, S., Collen, B., Kuylenstierna, U. and Magnelli, A. Acta Chem. 
Seand., Vol. 7, No. 10, p. 1641, 1957. 


Nowotny, H. and Dimakopoulu, E. Monatshf. f. Chem., Vol. 90, No. 5, 
p. 620, 1959. 


Wasilewsky, R. Trans. AJME, p. 3, November 1957. 


Makarov, Ye. S. and Kuznetsov, L. M. Zhurnal Strukturnoy Khimii, Vol. 1, 
No. 2, p. 170, 1960. 


Kornilov, I. I. Trudy Komissii po analiticheskoy khimii AN SSSR (Trans- 
actions of the Commission on Analytical Chemistry of the Academy of 
Sciences of the USSR), Izd-vo AN SSSR, Vol. 10, p. 18, 1960. 

--- Izv. AN SSSR, OTN, Metallurgiya i Gornoye Delo, No. 1, p. 152, 1963. 

Hurlen, T. J. Inst. Metals, Vol. 89, No. 4, 1960. 


Wasilewsky, R. J. Trans. AJME, No. 4, p. 8, 1962. 


27 


16. 


L7. 


18. 


19. 


20. 


el. 


22. 


23. 


Kurnakov, N. 8. Introduction to Physicochemical Analysis (Vvedeniye v 
fiziko-khimicheskiy analiz). Izd-vo AN SSSR, 1938. 


Pogodin, S. A. and Anosov, V. A. Fundamentals of Physicochemical Analysis. 
Izd-vo AN SSSR, 1947. 


Glazov, V. M. and Vigdorovich, V. N. Microhardness of Metals (Mikrotverdost'! 
metallov). Metallurgizdat, 1960. 


Kornilov, I. I. and Glazova, V. V. Doklady AN SSSR, Vol. 150, No. 2, 
p. 313, 1963. 


Mints, R. S. Zav. lab., No. 12, p. 1526, 1958. 


Osipov, K. A. and T'ien Te-ch'eng. Izv. AN SSSR, Metallurgiya i Toplivo, 
No. 4, p. 77, 1959. 


Osipov, K. A. Problems of the Theory and High-Temperature Strength of 
Metals and Alloys (Voprosy teorii zharoprochnosti metallov i splavov). 
Tzd-vo AN SSSR, 1960. 


Kornilov, I. I. Physiochemical Principles of High-Temperature Strength 
(Fiziko-khimicheskiye osnovy zharoprochnosti). Izd-vo AN SSSR, 1961. 


28 


EQUILIBRIUM DIAGRAM OF THE QUATERNARY SYSTEM Ti-Al-Mo-V 


BE. N. Pylayeva and Ko Chih-ming 


The study of the phase equilibrium of alloys of the quaternary system 
Ti-Al-Mo-V adjacent to the titanium vertex of the tetrahedron (fig. 1) is of 
theoretical and practical importance, since this system can be used as the 
basic multicomponent system for the development of new high-strength and heat- 
resistant alloys of low density. 


In its chemical properties, aluminum differs substantially from titanium 
and forms limited solid solutions and a series of metallic compounds with its 
a and 6 modifications (refs. 1-3). 


Vanadium and molybdenum are located in the fifth and sixth groups of the 
periodic system, close the titanium group, and are close to the latter in atomic 
radii, electronegativity and other properties. They are capable of forming 
continuous binary and ternary solid solutions with B-Ti and limited solid solu- 
tions with a-Ti (refs. 1 and 4). Vanadium and molybdenum are important alloy- 
ing elements for high-strength titanium alloys having a 6 structure. 


The position of vanadium and molybdenum in the periodic system in relation 
to titanium and their similar chemical properties also account for their similar 
behavior in titanium alloys. Thus, for example, the binary systems Ti-Mo and 
Ti-V have the same type of phase diagram (ref. 1). 


In the ternary system Ti-Mo-V, there is observed a continuous shift of the 
q and B solid solutions and of the two-phase q+ B region from the system Ti-Mo 
to the system Ti-V. This is clearly indicated by the isothermal section of the 
ternary system Ti-Mo-V at 600° (fig. 2). 


The phase regions qa, a+ 86 and 6 shift from the side of Ti-Mo toward that 
of Ti-V, the region of the q@ solid solution expanding continuously from the 
side of Ti-Mo (up to 0.8 percent Mo) to the side of Ti-V (2 percent V). The 
boundary between the a@ + B and B region passes through the points of 28 percent 
Mo in the Ti-Mo system, 31 percent (Mo + V) in the Ti- (Mo:V = 1:1) system, and 
22 percent V in the Ti-V system. 


The similarity in the chemical properties of molybdenum and vanadium in re- 
lation to titanium explains the possibility of formation of similar phase 


2g 


diagrams not only in the binary systems Ti-Mo and Ti-V but also in ternary sys- 
tems in the portion rich in titanium, for example, in the systems Ti-Al-Mo and 
Ti-Al-V (refs. 5 and 6). 


In order to study the phase equilibrium in the quaternary system Ti-Al- 
Mo-V, we investigated the ternary system Ti-Al-Mo and the system Ti-Al- (Mo:V = 
1:1), which is the section of the concentration tetrahedron of the quaternary 
system originating at the edge of the binary system Ti-Al with a constant ratio 
of the weight concentration Mo:V = 1:1. The position of these two systems in 
the tetrahedron is shown in figure 1 and their investigated portions are shaded. 


Figure 1. Concentration tetrahedron of the 
quaternary system Ti-Al-Mo-V. 
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Figure 2. Isothermal section of the 
ternary system Ti-Mo-V at 600°. 
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Let us examine (figs. 3 and 4) the isothermal sections at 600° of the sys- 
tems Ti-Al-Mo and Ti-Al-(Mo:V = 1:1). A comparison of the isothermal sections 
of these systems at 600° with the system Ti-Al-V (ref. 6) leads to the conclu- 
sion that in these three systems in the portion rich in titanium, the same phase 
regions are in equilibrium, namely: 


a. Solid solutions based on q-Ti with a hexagonal close-packed structure; 
b. Solid solutions based on B-Ti with a cubic body-centered structure; 


ec. Limited y solid solutions based on the compound TiAl with an ordered 
face-centered tetragonal structure; 


Figure 3. Isothermal section of a part of the 
ternary system Ti-Al-Mo at 600°. 
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Figure 4, Isothermal section. of a part of the 
system Ti-Al-(Mo:V = 1:1) at 600°. 
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d. Two-phase a+ B6B,a+¥, and B+ ¥Y regions; 
e. Three-phase a + B+ y region. 


The performed investigation shows that in the phase-equilibrium tetrahedron 
of the quaternary system Ti-Al-Mo-V, the above-indicated phase regions shift 
steadily from the system Ti-Al-Mo via the intermediate system Ti-Al-(Mo:V = 1:1) 
toward the system Ti-Al-V. For the sake of a clear treatment of the process of 
this shift, we shall consider five sections of the phase-equilibrium tetrahedron 
of the quaternary system Ti-Al-Mo-V at 600° with a constant titanium concentra- 
tion of 90, 80, 70, 60 and 50 wt percent (fig. 5). 


The sections with 90 and 80 percent Ti cut through the qa and a + B phase 
regions. In the shift from the Ti-Al-Mo system to the Ti-Al-V system, the field 
of the q@ solid solution expands continuously from 1 percent Mo to 2.5 percent V 
on the section with 90 percent Ti and from 1 percent Mo, 3 percent (Mo-V) to 4 
percent V on the section with 80 percent Ti. The overwhelming majority of these 
sections belong to the q@ + 8 region. 


The section with 70 percent Ti shows a+ y, @+ B+ ¥, a@+ 86 and B phase 
regions. In the shift from the Ti-Al-Mo to the Ti-Al-V system, the q + y region 
expands, and thea + B+ y region narrows down, A wide field of the qa + 6 re- 
gion is found in the middle portion of this section. 


The regions of B solid solutions, which extend from the systems Ti-Al-Mo 
and Ti-Al-V, become joined together on this section. 
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Figure 5. Parallel sections of the tetrahedron of the phase 
equilibrium of the quaternary system Ti-Al-Mo-V at 600° at a 
constant titanium concentration of 90, 80, 70, 60 and 50 wt 

percent. 
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The section with 60 percent Ti is distinguished by the fact that it dis- 
plays simultaneously the processes of gradual shift of y, a+ y,a+B+Y;, 
a+ 8, and 6 regions in the tetrahedron, In the course of the shift from the 
Ti-Al-Mo system to the Ti-Al-V system, the region of the B phase narrows down 
smoothly at first, then expands, passing through the system Ti-Al-(Mo:V = 1:1). 


A new phase region (B + y region) which shifts steadily from the Ti-Al-Mo 
system to the Ti-Al-V system appears on the section with 50 percent Ti. On this 
section, in the portion adjacent to the side of the Ti-Al system of the tetra- 
hedron, the complete shift of the individual phase regions is impaired under the 
influence of a complex interaction of the phases at the aluminum vertex of the 
tetrahedron. 


On the basis of the above investigation, we plotted a diagram of the phase 
equilibrium of the quaternary system Ti-Al-V-Mo in the region of alloys rich in 
titanium at 600° (fig. 6). 


In the phase-equilibrium tetrahedron, the volume of the q@ solid solution 
is adjacent to the side of the binary system Ti-Al from zero to 25 percent Al. 
The quaternary B solid solution is adjacent to the face of the ternary system 
Ti-Mo-V when the total content of aluminum, molybdenum and vanadium is over 22 
percent. The quaternary y solid solution based on TiAl extends from the binary 
system Ti-Al toward the interior of the tetrahedron. The central portion of the 
tetrahedron is occupied by a two-phase q+ B volume. The three-phase @ + B+ ¥ 
volume borders on the two-phase q@ +B, a@+ y, and B + y volumes and traverses 
the tetrahedron from the face of the ternary system Ti-Al-Mo to the face of the 
ternary system Ti-Al-V. 


Thus, a geometrical representation of the studied portion of the phase equi- 
librium tetrahedron at 600° reveals the character of the interaction between the 
components and clearly shows the expansion of the phase regions in the gquatern- 
ary system Ti~Al-Mo-V. 


45Al 


Figure 6. Phase equilibrium diagram of the quaternary system 
Ti-Al-Mo-V in the region of alloys rich in titanium at 600°. 
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PHASE STRUCTURE OF ALLOYS OF THE SYSTEM Ti-Al-Fe-Cr-S5i WITH 
A CONSTANT CONTENT OF ALUMINUM AND SILICON 


V. S. Mikheyev and K. P. Myasnikova 


Industrial alloys of the AT series (ref. 1) are high-strength alloys based 
on a-Ti alloyed with aluminum, chromium, iron, silicon and boron. This multi- 
component system has been studied in several works (refs. 2 and 3). In ref- 
erence 2, a study was made of the system Ti-Al-Cr-Fe-Si-B with a variable con- 
tent of aluminum (from zero to 7.5 wt percent) and a constant content of 
chromium, iron and silicon (0.5 wt percent of each alloying element). In 
reference 3, phase transformations in the system Ti-Al-Cr-Fe-Si with a constant 
content of aluminum (6.0 wt percent) and silicon (0.3 wt percent) and a 
variable content of iron and chromium were studied. 


The object of the present investigation was a study of the phase equilib- 
rium in alloys of the section of the tetrahedron Ti(+0.3 percent Si)-Al-Fe-Cr at 
a constant aluminum content (7.5 wt percent). Iron and chromium were introduced 
in the proportion of 3:1, 1:1 and 1:3, the total being up to 30 percent. Hence- 
forth, the corresponding radial sections will be termed sections I, II and III. 


The basis for the plotting of the equilibrium diagram of the alloys of the 
selected section of the five-component system was a method of spatial representa- 
tion of partial multicomponent systems for any given number of components en- 
tering into the composition of the solid solution of the solvent (ref. ). 


One of the vertices of the concentration triangle which we studied was 
made up of the q solid solution with 7.5 wt percent Al ani 0.3 wt percent Si, 
and the other two were iron and chromium, 


The chemical interaction of titanium with aluminum, chromium, ‘iron and 
silicon in binary systems and also the structure of ternary titanium alloys are 
described in monographs (refs. 5-7). 


With the above-indicated elements, titanium forms a wide region of B solid 
solution and a narrow region of q@ solid solution. As the temperature is lowered, 
the solid solution based on B-Ti undergoes a eutectoid transformation with the 
precipitation of the q@ solid solution and of the corresponding intermetallic 
compounds: Ti.Si, in the system Ti-Si, TiFe in the system Ti-Fe, and TiCrs in 


2 3 
the system Ti-Cr. 
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The solubility of each of the enumerated elements in q-Ti is 0.3-0.5 per- 
cent at the temperature of the eutectoid transformation (refs. 8-10). 


Aluminum raises the temperature of the polymorphic transformation of ti- 
tanium and forms a wide region of solid solutions based on q-Ti. 


An investigation of the properties of q@ solid solutions in the Ti-Al sys- 
tem revealed the presence of chemical compounds corresponding to the composi- 
tions TiAl, TiAl and TiAl (ref. 11). 

In the three-component system Ti-Fe-Cr, the B solid solution is stable 
over a wide temperature range. Iron and chromium lower the temperature of the 
polymorphic transformation of titanium. The eutectoid decomposition of the 
B phase is associated with the formation of the a phase, TiFe and TiCr, (ref. 


12). 


In the other ternary systems Ti-Al-Fe and Ti-Al-Cr, on the polythermal 
sections at a constant aluminum content of 7.5 percent, phases based on a@- and 
B-Ti are in equilibrium with intermetallic compounds corresponding to the com- 
position TiFe in the first system and Ticrs in the second (refs. 13 and 1h), 


Starting Materials and Method of Preparation of the Alloys 
The compositions of the investigated alloys are shown in the table. The 
starting materials for the preparation of the samples were: TGOO titanium 


sponge, electrolytic chromium, KRL silicon, AOO aluminum, and iron (0.03 per- 
cent C; 0.01 percent Mn; 0.008 percent P; traces of S). 


CHEMICAL COMPOSITION OF THE ALLOYS STUDIED (IN wt PERCENT) 


Fe | Cr 

Ti Section 

| rm QI TII I ji Ir 
92,0 0,45 0,40 | 0,05 | 0,05 0,10 | 0,45 
91,7 0,375 0,29 0,125 0,125 0,29 0,375 
94,2 0,75 0,50 | 0,25 0,25 0,50 | 0,75 
88,7 1,875 | 1,25 | 0,625 | 0,625 1,25 | 4,875 
87,2 | 3,75 2,50 | 1,25 | 4,25 2,50 | 3,75 
84,7 5,625 | 3,75 | 1,875 | 4,875 3,75 | 5,625 
82,2 | 7,50 5,0 | 2,50 | 2,50 5,0 7,50 
77,2 | 44,25 7,50 | 3,75 | 3,75 7,50 | 44,25 
72,2 15,0 10,0 9,0 9,0 10,0 15,0 
62,2 22,0 15,0 7,9 7,9 15,0 22,5 


Note: All alloys contain 0.3 wt percent Si 
and 7.5 wt percent AL. 
Note; All commas represesent decimal points. 


36 


Samples of the alloys weighing 20 g were prepared by arc fusion in argon. 
The weight loss was no more than 0.5 percent. The cast samples were forged in 
air into rods 7 mm in diameter after being heated at 1200°. 


The heat treatment was carried out in sealed and evacuated quartz ampules. 
To prevent the titanium alloys from reacting with quartz, the samples were placed 
in a tube made of thin molybdenum sheet. 


The heat treatment consisted in annealing the samples at 1100, 1000 and 
800 and 500° with a holding time of 10, 15, 300 and 750 hr, respectively. 


After annealing at 1100, 1000 and 800°, one group of the samples was 
quenched in water, and the other was furnace-cooled after annealing at 500°. 


The study of the partial system was carried out by means of microstructural 
and x-ray analysis. After each type of heat treatment, the electrical resistiv- 
ity and hardness of the alloys were measured. 


The hardness. was measured with a Vickers instrument by indenting the sample 
with a diamond pyramid having a leap angle of 136° at a load of 10 kg. The 
electrical resistivity of the alloys was studied potentiometrically. The x-ray 
structural analysis was performed by using unfiltered vanadium radiation in a 
RKD camera. 


Results 


The microstructure of the alloys was studied in the cast, quenched and 
annealed state. 


The samples were etched with a mixture of hydrofluoric and nitric acid with 
glycerin (in the proportion of 1:1:1). 


Microstructural analysis of the cast samples showed that the phase which 
crystallizes first in the alloys of all three sections is a solid solution based 
on B-Ti. The structure of the cast alloys of sections I, II and III had a single 
phase, with the exception of the alloy containing 30 wt percent (Fe + Cr) of 
section I, where the precipitation of a second phase was observed (fig. la). 


At 11009 in the range of concentrations of Fe + Cr from zero to 20 wt per- 
cent of sections I and III and up to 30 wt percent of section II, the alloys 
have the structure of the 6 solid solution. Quenching from this temperature 
causes a B > q' martensite transformation (fig. 1b) in alloys containing up to 
5 wt percent (Fe + Cr). In higher alloys, the 6 phase becomes fixed (fig. 1c). 


In alloys with 30 wt percent (Fe + Cr) of sections I and III, the precipi- 
tation of a second phase is observed along the boundaries and the field of 8B 
grains (fig. 1d and e). X-ray diffraction analysis established that the sec- 
ondary phase precipitating from the B solid solution is the intermetallic com- 
pound TiFe (5 phase) in alloys of section I, and in alloys of section III, the 
intermetallic compound TiCr, of hexagonal modification (y phase). 
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Figure 1. (Concluded) 


Figure 2a shows an isothermal section of the tetrahedron Ti (+0.3 percent 
Si)-Al-Fe-Cr with a constant aluminum content (7.5 wt percent) at 1100°. The 
main portion of the concentration triangle is occupied by the five-component 8B 
solid solution. The boundaries of the two-phase regions 68 + 6 and B + y were 
not accurately determined, and they are therefore represented by broken lines. 


The compositions of the alloys on the isothermal section at 11009 which 
undergo a martensite transformation are marked with crosses. 


On quenching from 1000°, the alloys containing iron and chromium (up to 2.5 
wt percent) together with the B and qa! phases contain the equilibrium qa phase 
formed as a result of the polymorphic B ~ q@ transformation (fig. 1f). The amount 
of the @ solid solution in the alloys decreases as the sum of iron and chromium 
increases. 


The pure B solid solution becomes fixed in alloys containing 5-20 wt per- 
cent (Fe + Cr) of section I. In the microstructure of alloys with 5 wt percent 
of the alloying components in sections II and III, martensite needles are ob- 
served; their highest quantity is found in the alloy of section II, at the ratio 
Fe:Cr = 1:1. An increase in the content of iron and chromium in the alloys of 
these sections causes a stabilization of the B phase. At 10009, the region of 
existence of the B solid solution narrows down considerably owing to the appear- 
ance of the two-phase q@ + B region and the expansion of both the B+ 46 and 
B+ regions as a result of a decrease in the solubility of the intermetallic 
compounds in B-Ti with increasing temperature (fig. 2b). 
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Figure 2. Isothermal sections of the tetrahedron: 
a, at 1100°; b, at 10009; c, at 800°; d, at 500°. 


After annealing at 800° and quenching from this temperature, the alloys 
rich in titanium and containing up to 0.2 wt percent (Fe + Cr) have the poly- 
hedral structure of the a solid solution (fig. lg). In the concentration 


range of iron and chromium of 0.5-15 wt percent, all the alloys consist of two 
phases (a + 8B). 


It should be noted that the microstructure of alloys with 7.5 wt percent 
(Fe + Cr) reflects the peritectoid character of the interaction of the phase 
components (fig. lh). This may be a confirmation of the phase diagram of Ti-Al 
proposed by Zwicker et al. (ref. 15), with a peritectoid nature of the forma- 
tion of the q phase by the reaction B+ do7dad. 


However, the available data pertaining to this problem are insufficient to 
allow any definitive conclusions. A further study of the phase transformations 


in the qa solid solution of titanium in binary, ternary and multicomponent sys- 
tems with aluminum is necessary. 


Alloys with a high total content of iron and chromium (20-30 wt percent) 
have a two-phase structure B + 6 (alloys of section I) or 8 + y (alloys of 


4O 


section III) or a three-phase structure B+ 6 + y (alloys of section II). A 
characteristic structure of the three-phase state is shown in figure li. 


In the study of the microstructure of alloys quenched from 800°, no single- 
phase structure of the B solid solution was observed, probably because we did 
not investigate the compositions of alloys with 15-20 wt percent (Fe + Cr). 


On the basis of the studies made in reference 3 and data of microstructural 
and x-ray structural analysis on the phase equilibrium in alloys with higher or ~ 
lower content of iron or chromium, it is possible to postulate the existence of - 
a narrow region of a single-phase 6 solid solution on the isothermal section at 
800°. 


Figure 2c shows a phase diagram of the section of the tetrahedron Ti(+0.3 
percent Si)-Al-Cr-Fe at 800°. 


The five-component B solid solution at this temperature is in a two-phase 
and three-phase equilibrium with the q@ + y and 5 phases. The maximum solubil- 
ity of the sum of iron and chromium at 800° in the five-component q@ solid solu- 
tion amounts to no more than 0.4 wt percent. 


Long annealing for 750 hr at 500° leads to a complete eutectoid decomposi- 
tion of the B solid solution (fig. 13). According to the x-ray structural anal- 
ysis, all the alloys at 500° have a three-phase structure a + 6 + y. 


A phase diagram at 500° is shown in figure 2d. 


Thus, the investigation of the five-component system Ti-Al-Fe-Cr-Si con- 
taining up to 30 percent (Fe + Cr) at 1100, 1000, 800 and 500° has shown that 
qa and B solid solutions and intermetallic phases TiFe and Ticr, are formed in 


this system. However, a more complex character of interaction can be postulated 
in this system. In particular, as was indicated above, the formation of the 
chemical compound TiAl (ao phase) is possible. Because the nature of the in- 


teraction in the binary system Ti-Al in the region of the qa solid solution has 
not been définitely established, and the influence of iron or chromium in the 
three-component systems Ti-Al-Fe and Ti-Al-Cr has not been elucidated, in plot- 
ting the isothermal sections we did not take into account the regions of phase 
equilibria with the do phase. 


The investigation which was carried out makes it possible to draw some 
conclusions with regard to the influence of aluminum on the chemical interac- 
tion of titanium with chromium and iron. Aluminum raises the temperature of 
the polymorphic transformation, as indicated by the phase equilibria on the 
isothermal sections at 1000 and 800°. Furthermore, aluminum decreases the solu- 
bility of the intermetallic phases in B-Ti, and as a result, the boundaries of 
the two-phase B + 6 and 6 + vy regions with the single-phase region of the B 
phase shift toward a lower total content of iron and chromium as the content of 
aluminum in the alloys increases (refs. 3 and 12). 
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Hardness of the Alloys 


The hardness of the alloys was measured on samples quenched from 1000 and 
800° and annealed at 500°. 


The hardness of the alloys versus their composition is shown graphically in 
figure 3. 


The maximum hardness is exhibited by alloys containing 2.5 wt percent (Fe + 
Cr) of sections I and III and 5 wt percent (Fe + Cr) of section II. 


The most pronounced martensite decomposition of B grains is observed in 
these alloys, and this is what causes such an increase in hardness. 


The hardest alloy was found to be the one containing 5 wt percent (Fe + 
Cr) of section II. It is interesting to note that in the ternary system 
Ti-Fe-Cr, the maximum hardness in the quenched state is also displayed by alloys 
wisn the ratio Fe:Cr = 1:1 at a content of about 5 wt percent (Fe + Cr) (ref. 
12). 


The minimum on the curves representing the dependence of the hardness on 
the composition corresponds to a content of 7.5 wt percent (Fe + Cr) in the 
alloys. These alloys have the structure of a fixed 6B solid solution. A further 
increase in the content of alloying components in the B phase promotes an in- 
crease in hardness. 


At 800°, the change in the hardness of the alloys as a function of compo- 
sition follows the phase transformations in the system. 


In the region-of the q solid solution, the hardness rises with the sum of 
iron and chromium, reaching maximum values at the limit of maximum solubility 
of the alloying elements in q-Ti. 
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Figure 3. Hardness of the alloys versus composition and temperature: 
a, section I, Fe:Cr = 3:1; b, section II, Fe:Cr = 1:1; c, section III, 
Fe:Cr = 1:3; 1, alloys quenched from 10009; 2, alloys quenched from 
800°; 3, alloys annealed at 500°, 
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The appearance of the B phase and increase in its quantity cause a decrease 
in the hardness of the alloys. However, in alloys containing from 7.5 wt per- 
cent (Fe + Cr) (as well as on the "composition-hardness" curve at 1000°), the 
hardness increases, since the B phase is hardened by the alloying. 


The curve representing the dependence of the hardness of the alloy on its 
composition at 500° lies above an analogous curve for alloys quenched from 
800°. This is explained by the presence in the alloys of intermetallic phases 
resulting from the eutectoid decomposition of the B phase. The hardness of the 
alloys at 500° in the region of a solid solution varies as does the hardness at 
800%. 


In the three-phase region, because of the increase in the content of the 
intermetallic compounds TiFe and TiCr, in the alloys, the hardness should in- 


crease. No such regular change in hardness is observed on curve 3 (fig. 3). 
The alloys of all the sections containing about 10 wt percent (Fe + Cr) have 
minimum values of the hardness. This anomalous character of the dependence of 
the hardness on the composition can be attributed either to an incomplete eu- 
tectoid decomposition of the B phase or to the formation of the phase TizAl. 


Blectrical Resistivity 


The electrical resistivity was studied on samples . 5 mm in diameter quenched 
from 1000 and 800° and annealed for a long time at 500°. 


Results of the measurements are shown graphically in figure }. 


The phase transformations in the alloys at 1000° are reflected by the 
curve representing the electrical resistivity versus the composition. 


Fe + Cr, wt percent 


Figure 4. Electrical resistivity of the alloys versus composition and 
temperature: a, section I, Fe:Cr = 3:1; b, section II, Fe:Cr = 1:1; 

c, section III, Fe:Cr = 1: 3 ; 1, alloys quenched from 10009; 2, alloys 
quenched from 800°: 3 alloys annealed at 500°, 
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In the two-phase q + B region, the electrical resistivity of the alloys 
changes insignificantly when they are alloyed with iron or chromium (up to 2.5 
wt percent). The shift to the single-phase B region is associated with an 
abrupt increase in the electrical resistivity of the alloys, probably due to a 
maximum stress condition of the B grains during the formation of the q' phase. 
A further increase in the content of iron and chromium has little effect on 
the change in the electrical resistivity of the alloys. 


At 800°, the curve of composition versus electrical resistivity rises 
monotonically up to a content of 7.5 wt percent (Fe + Cr), then descends. This 
pattern of change in the electrical resistivity of the alloys at 800° may be 
due to the transformations discussed above. 


The eutectoid decomposition of the B phase at 500° has a negligible in- 
fluence on the dependence of the electrical resistivity of the alloys on the 
composition, 


Thus, the greatest influence on the dependence of the electrical resistiv- 
ity of the alloys on the composition is exerted by the structural stress condi- 
tion of the grains of the 6 solid solution during quenching as a result of the 
formation of metastable phases, 
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STUDY OF THE. ALLOYS OF THE TERNARY SYSTEM Ti-Al-Zr 
Ye. N. Pylayeva and M. A. Volkova 


The study of the phase diagram of the ternary system Ti-Al-Zr is of great 
practical interest because this system should contain a wide region of solid 
solutions which may serve as the basis for the development of alloys operating 
at high temperatures. Literature data pertaining to phase diagrams of this sys- 
tem are lacking. In reference 1, a study was made of the mechanical properties 
of ternary alloys of titanium with aluminum and zirconium, and it was found that 
alloying of a-Ti with aluminum and zirconium (up to 8-18 percent Al + Zr) raises 
the high-temperature strength of the alloys of the system at temperatures of 
20-6509. We have studied the alloys of the ternary system Ti-Al-Zr along the 
section originating from the vertex of pure zirconium and extending to the com- 
position of the alloy of the binary system Ti-Al, containing 9 percent Al and 
91 percent Ti (the alloy has the hexagonal structure of a-Ti). In composition, 
this alloy corresponds approximately to the proposed compound TigAl (8.7 per- 


cent Al; 91.3 percent Ti). The possibility of the existence of the compound 
TigAl was demonstrated by results of measurements of the Hall constant for al- 


loys of the system Ti-Al (ref. 2). The problem of the existence of this com- 
pound has not been definitively solved. 


The system Ti-Al is characterized by a complex chemical interaction of the 
components, which form a series of metallic compounds, and the literature con- 
tains contradictory views concerning the stoichiometric composition of these 
compounds (TigAl (ref. 2), TiAl (refs. 2-1), TizAl, (ref. 5), Ti AL (refs. 4 


and 5)). 


Titanium and zirconium (qa and 6 modifications) form a continuous series of 
solid solutions with a minimum (fig. 1). 


Zirconium and aluminum form a phase diagram with a limited solubility and 
several metallic compounds: Zr5Al,, Zr,Al, Zr Al, etc. (ref. 6). 


In this work, use was made of methods of thermal and microstructural anal- 
ysis, and the electrical resistivity and hardness of the alloys were determined. 
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Figure 1. Concentration triangle of a 
part of the ternary system Ti-Al-Zr. 


The starting materials were: iodide zirconium, TGOO titanium sponge, and 
AVOOO aluminum. 


The compositions of the alloys studied were as follows: 


COMPOSITION OF ALLOYS (IN THE INITIAL MIXTURE) (IN wt PERCENT), 


Zr Al Ti Al Ti Ti,Al 
0 | 9,0 91,0 400 40 5,22 54,8 60 
1 8.62 90,4 99 50 4,36 45,7 50 
3 8,44 88 , 6 97 GO 3,48 36,5 40 
5 8 26 86,8 95 70 2,61 27,39 30 
7 8,1 84,9 93 75 2,18 22,82 25 

10 7,8 82,2 90 80 4,74 18,26 20 

15 7,4 77,6 85 90 0,87 9,13 10 

25 7,53 68,5 75 95 0,44 4.56 5 

30 6,1 63,9 70 400 0 0 0 

35 5,66 59,4 65 


In order to study the microstructure and hardness, the alloys were melted 
in an arc furnace in argon; to study the electrical resistivity, the alloys 
were prepared by floating zone-melting in helium. The difference in the weight 
of the samples before and after the fusion did not exceed 0.5 percent, and for 
this reason the alloys were not analyzed chemically. 


The heat treatment of the alloys was as follows: 1200°, 6 hr; 1100°, 50 


hr; 1000°, 100 hr; 850°, 200 hr; 800°, 300 hr; 700°, 300 hr; 6009, 400 hr; 500°, 
750 hr. The alloys were quenched from 1100, 850, 700 and 500°. 


NT 


In order to determine the critical point of the alloys in the solid state, 
a differential recording of the heating and cooling curves was carried out with 
a Kurnakov pyrometer using samples annealed as indicated above. The recording 
was carried out in air (for alloys of all compositions) and simultaneously in a 
vacuum, in evacuated and sealed Stepanov quartz vessels (for certain alloy 
compositions). 


For alloys with 70-90 percent Zr, the difference in the temperatures ob- 
tained in both cases was ~30°, and for alloys with a lower zirconium content, 
no more than 20°. 


The thermograms displayed thermal effects corresponding to the following 
phase transformations: on heating, a~a+ B and on cooling, B~a+ Bp. The 
critical points in the solid state are shown on the graph of figure 2. 


As can be seen from figure 2, the temperature of the a ~a+ 6B transforma- 
tion decreases as the content of zirconium in the alloys rises from zero to ~65 
percent, and passes through a minimum at ~660°. 


The microstructure of the alloys was studied on cast samples and after 
quenching from 1100, 800 and 500°, and in certain alloys also after quenching 
from 850 and 700°. The cast alloys and the majority of the alloys quenched from 
1200° have the structure of the transformed B phase. A characteristic appear- 
ance of such a microstructure is shown in figure 3a. After quenching from 1100°, 
the alloys containing from zero to 3 percent Zr had anq+ aq acicular structure 
(fig. 3b), where the acicular structure of the decomposed a phase is visible be- 
tween the light grains of the B phase, i.e., at 1100° these alloys are in the 
a+ 6B region. 


20 
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7600 


G 20 40 60 G WO 
Zr, wt percent 
Figure 2, Polythermal section of the ternary system Ti-Al-Zr: 
1, single-phase alloys; 2, two-phase alloys; 3, data of thermal 


analysis conducted in a vacuum; 4, data of thermal analysis 
conducted in air. 
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After quenching from 800°, depending on their content of zirconium, the 


alloys display the polyhedral structure of the q@ solid solution (fig. 3c), the 


structure of the acicular a phase (similar to the structure shown in figure 3a), 
and also a mixed structure of the polyhedra of the q@ solid solution and of the 


acicular B phase (analogous to the structure shown in figure 3b). The phase com- 
position of the alloys studied by the microscopic method is shown in figure e. 
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The majority of the alloys quenched from 500° have the structure of the a 
solid solution. However, in alloys with 3, 5 and 7 percent Zr, a second phase 
precipitates. The structure of the alloy in this region is shown in figure 3d. 
This phase is marked ©,,, phase on the polythermal section and is probably based 


on the metallic compound TizAl (refs. 2 and 3). 


Alloys with O and 1 percent Zr after quenching from 800 and 500° have a 
structure with a very slight precipitation of the a, phase (fig. 3e). These 


data associated with the precipitation of the Qj phase require further refine- 
ment, 


The electrical resistivity of alloys quenched from 1100, 800 and 500° was 
measured potentiometrically. As is evident from the graph (fig. 4), the resis- 
tivity of the alloys remains nearly constant as the zirconium content increases 
from zero to 50 percent, and as it increases further, the resistivity declines 
smoothly. 


The hardness of the alloys was measured by means of a Vickers instrument 
with a diamond pyramid at a load of 10 kg. In alloys quenched from 1100%, the 
hardness changes along a curve arched upward (fig. 5, curve 1), and the maximum 
values of the hardness can obviously be explained by the formation of metastable 
phases on quenching from the region of the B solid solution. 


The curve representing the hardness of alloys quenched from 800° (fig. 5, 
curve 2) also shows a hardness maximum which corresponds to alloys that under- 
went a martensite transformation during their quenching from the region of the 
B solid solution. 


After quenching from 500°, the hardness of the alloys changes along a curve 
arched upward (fig. 5, curve 3), which confirms the presence of a continuous 
series of solid solutions in the alloys of the investigated section. The trend 
of the curves did not show any evidence of the appearance of a second phase in 
the alloys containing from zero to 7 percent zirconium. 


ag 20 44 G0 80 100 
4r, wt percent 


Figure 4. Electrical resistivity of alloys of the ternary system 


Ti-Al-Zr versus zirconium content: 1, quenching from 11009; 2, 
quenching from 800°; 3, quenching from 500°. 
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Zr, wt percent 


Figure 5. Dependence of the hardness of alloys 
of the ternary system: 1, quenching from 11009; 
2, quenching from 800°: 3, quenching from 500°, 


Summary 


1. A study of the alloys of the ternary system Ti-Al-Zr along a radial 
section at a ratio Al:Ti = 9:91 by methods of microstructural and thermal 
analysis and determination of the electrical resistivity and hardness shows 
the existence of a continuous series of solid solutions, with the exception of 
the @ + Q, region adjacent to the alloy with 9 percent Al and 91 percent Ti 
(500°, zirconium content ranging from zero to 10 percent; see figure 2). 


2. All the alloys of this section undergo a polymorphic transformation 
analogous to the transformation in pure titanium and zirconium and in the sys- 
tem Ti-Zr, the change in the temperatures of the polymorphic transformation 
occurring along curves with a minimum (660°, ~65 percent Zr). 


3. The electrical resistivity and hardness of the alloys after quenching 
from 1100, 800 and 500° changes along curves protruding upward; the maximum 


values of the hardness correspond to alloys quenched from the region of the 6B 
solid solution. 
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PHASE EQUILIBRIUM OF ALLOYS OF THE SECTION TizAl-2r 


OF THE TERNARY SYSTEM Ti-Al-Zr 
IT. I. Kornilov, T. T. Nartova and M. M. Savel'yeva 


The study of the phase diagram of Ti-Al-Zr is of great practical interest 
because it can serve as a basis for the development of highly heat-resistant 
titanium alloys. 


Data on the phase diagram of this system are lacking in the literature, 
The binary phase diagrams Ti-Al, Ti-Zr and Zr-Al have been studied by many 
authors (ref. 1). 


The Ti-Zr phase diagram is characterized by unlimited solubility between 
the qa and 6 modifications of titanium and zirconium (ref. 2). 


According to the data of recent investigations, a series of metallic com- 
pounds are formed in the system Ti-Al in the region of the @ solid solution, 
the presence of the compound TiAl being the most probable (refs. 3 and }). 


The purpose of the present work was to study the phase equilibrium and 
certain properties of the alloys of the system Ti-Zr-Al along a radial section 
extending from the zirconium vertex to the side of Ti-Al to an alloy composi- 
tion corresponding to the compound TE Al (16 wt percent AL). 


The indicated section and the compositions of the investigated alloys are 
shown on the concentration triangle of a portion of the Ti-Zr-Al system (fig. 
1). 


The samples were prepared by induction melting in the floating state (ref. 
5). The starting materials were iodide titanium (99.87 percent purity), iodide 
zirconium (99.9 percent purity), and AVOOO aluminum. The chemical composition 
of the alloys was checked by weighing the samples before and after fusion. The 
loss did not exceed 1 percent. 


The samples were subjected to homogenizing annealing in vacuum for 6 hrs 
at 1200° and 50 hrs at 11009. 
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Figure 1. Concentration triangle of a part 
of the ternary system Ti-Zr-Al. 


The quenching of the homogenized samples in water was carried out under 
the following conditions: 


Quenching temperature, °C . .1200 1100 1000 900 850 750 700 500 
Holding time, hours ..... 6 50 100 150 250 400 500 750 


At the same time, samples of alloys of the same compositions were forged 
and subjected to prolonged annealing for 2500 hrs at 800° and for 3000 hrs at 
500°, 


In order to study the alloys of the TizAl-Zr section, thermal, micro- 


structural, and x-ray analyses were performed, the temperature of the start of 
the fusion was determined, and the dependence of the density, hardness, micro- 
hardness and electrical resistance at room temperature on the composition of the 
alloys was studied by commonly used techniques. In order to develop the micro- 
structure of the alloys, an etchant of the following composition was employed: 

8 pts. glycerin, 1 pt. hydrofluoric acid, 1/2 pt. nitric acid, and 3-4 pts. 
water. 


We shall examine the characteristic microstructures of the alloys of this 
section from various phase vegions (fig. 2) and the phase equilibrium diagram 
of the section Ti,Al-2r (fig. 3). 


In plotting the line of the solids of the Ti,Al-Zr section, we used data 


3 


obtained from the determination of the temperatures of the start of fusion of 
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the alloys by the "drop method." This method involves the determination of the 
temperature of the start of fusion of the alloys in a vacuum by means of an 
OP-48 optical pyrometer on samples of round cross section having a hole 0,.8-1 
mm in diameter and 3-4 mm deep. The optical pyrometer recorded the time when 
the hole in the sample was filled with molten metal. Data obtained from the de- 
termination of the temperatures at the start of fusion and a microscopic analy- 
sis of the cast structures showed that alloys of this section crystallized with 
the formation of a continuous series of B solid solutions and titanium and zir- 
conium. Microstructural analysis of alloys quenched from 1200° shows that they 
retain the single-phase B-transformed structure of martensite type (fig. 2a). 


The phase transformation temperatures in the solid state of the alloys of 
the TizAl-2r section were determined by differential thermal analysis using a 


Kurnakov pyrometer, and samples subjected to prolonged annealing were employed. 
Thermal analysis shows that as the zirconium content increases, the tempera- 
ture of the polymorphic transformation of the alloys of this section decreases 
and passes through a minimum at a content of ~/0 percent Zr. This is also con- 
firmed by data on the microstructural analysis of alloys quenched from various 
temperatures. Two-phase q+ B structures (fig. 2b) are observed in the alloys 
at 1100° (in the range of zirconium concentration of 10-20 percent), at 10000 
(20-30 percent), at 900° (40 percent), and at 750° (60-80 percent). 


Alloys quenched from 500 and 700° have the single-phase polyhedral struc- 
ture of the qa solid solution over the entire section (fig. 2c). 


X-ray analysis confirms that at low temperatures, the alloys of the TIzAl- 
Zr section have the single-phase hexagonal structure of q-Ti or a-Zr. 

The presence of a continuous series of solid solutions at low temperatures 
is also confirmed by the "composition-property" diagrams (fig. 4). The hardness 


of the alloys changes along a curve with a smooth maximum in the region corre- 
sponding to 60-70 percent Zr. The electrical resistance of the same alloys 


GQ t0 440 GO 8 WO 
Zr, wt percent 


Figure 4. Properties of alloys of the section 
Ti,Al-Zr versus zirconium content. 
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changes in similar fashion as a function of the composition and is characterized 
by a smooth change in this property. The density of the alloys of the investi- 
gated section changes linearly, rising with increasing zirconium content. 


As was shown by the investigations, the chemical interaction of the alloys 
of the TL Al-2r section is similar to the interaction of titanium and zirconium 


in the binary system Ti-Zr and is characterized by the presence of a continuous 
series of solid solutions based on q- and 6-Ti(Zr). 
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STUDY OF THE PHASE STRUCTURE OF THE ALLOYS OF THE SYSTEM 
Ti-Al-Zr ALONG THE SECTION TisAl-Zr 


I. I. Kornilov and N. G. Boriskina 


Aluminum and zirconium have a desirable influence on certain mechanical 
properties of ternary alloys based on q-Ti at room temperature and high tempera- 
tures (ref. 1). However, the literature lacks data on the phase structure of 
the alloys of the system Ti-Al-Zr, as a result of which a more extensive devel- 
opment of alloys of optimum compositions based on this system is hindered. 
Binary phase diagrams Ti-Zr, Zr-Al and Ti-Al have now been studied in detail. 
The Ti-Zr system is characterized by the formation of a continuous series of 
solid solutions based on B-Ti and @6-Zr at high temperatures and on q-Ti and 
a-Zr at low temperatures (ref. 2). 


Zirconium and aluminum form a complex phase diagram with a limited solu- 
bility of aluminum in B- and q-Zr and of zirconium and aluminum. These elements 
form eight metallic compounds (ref. 3) of which those richest in zirconium cor- 
respond to the composition Zr2Al , ar AL and. 2r5Al.. 

The Ti-Al system is characterized by the formation of a series of metallic 
compounds: TIALS, TiAl and TIAL (refs. } and 5). The authors of references 


ofl in the system 
Ti-Al. Certain anomalies in the change of the Hall effect of the alloys of this 
system have enabled the authors of reference 8 to propose the existence of the 
compound TigaAl. 


6 and 7 have established the formation of the compound Ti 


To contribute to the study of the alloys of the system Ti-Al-Zr (see pp. 
46-57) we investigated the alloys of the section Tij,Al-Zr. According to the 


data of reference {, the compound TiAl forms by the peritectoid reaction 
B-Ti + TizAls >? TioAl occurring at a temperature of approximately 1300-1400°, 
The compositions of the investigated alloys of the section Ti_Al-Zr are 


2 


shown in the table. The starting materials used were iodide zirconium and ti- 
tanium sponge TGOO, in which the total impurities amounted respectively to 0.3 
and 0.18 percent, and AVOOO aluminum. 
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ELECTRICAL RESISTIVITY AND DENSITY VERSUS COMPOSITION 
OF TITANIUM ALLOYS. 


Electrical resistiv- 
Content, wt percent 


ity, ohm.m/mmn® Density, 


-2,1033 
2,0634 
2,0354 
2,087 
20456 

49918 

4,3520 


40815 
4, 0998 
41288 
4,1831 
42154 
4, 2924 
4, 3458 
44585 
45547 
45782 
4, 7660 
4, 7789 
49823 
5, 2389 
53706 
5, 6961 
57739 
5, 9588 
60835 


The alloys were prepared by arc fusion with a nonconsumable electrode in 
argon. 


Samples of the alloys, sealed in double quartz ampules under vacuum, were 
subjected to the following heat treatment: homogenizing annealing at 1100° 
for 10 hrs, furnace cooling, and holding under the following conditions: 10009, 
25 hrs; 800°, 300 hrs; 600°, 400 hrs; 500°, 750 hrs. A certain change in the 
conditions of the heat treatment of the alloys of the Ti,Al-Zr section as com- 


pared to the conditions of the heat treatment of alloys of the sections TigAl-2r 
and TL Al- Zr is due to the higher volatility in vacuum of the components of the 
alloys of the investigated section at 1200-11009. 

The alloys were studied by microstructural and partly by x-ray and thermal 
analyses. In addition, the electrical resistivity and macro- and microhardness 
of the alloys were measured. Alloys in the cast state and after quenching (in 


water with ice) from 1100, 800 and 500° were subjected to the microstructural 
analysis. 


D9 


Microstructural analysis of alloys of the section Ti,Al-2r in the cast 


state showed that as in the case of alloys of the sections TigAl-Zr and Ti,Al-Zr, 


3 
solid solutions based on B-Ti and B-Zr crystallize from the liquid over the en- 

tire concentration range of the components at high temperatures. In cast alloys 
of the composition TiAl and in alloys with 1 and 3 percent Zr, a coarse-grained 


polyhedral structure (of a-Ti type, fig. 1a) is observed. The B solid solution 
of alloys containing 5-30 and 80-97 percent Zr undergoes a martensite transforma- 
tion in the course of the cooling, whereas cast alloys with 40-70 percent Zr re- 
tain the structure of the B solid solution. 


After quenching from 11009, the polyhedral structure of the alloy of the 
composition TiAl is retained in alloys containing up to 7 percent Zr. In the 
range of concentrations of 10-30 percent Zr, the alloys have the structure of 
a+ 8 solid solutions (fig. 1b). The amount of the B solid solution increases 
with increasing zirconium content of the alloys. The alloy with 40 percent Zr 
ig a pure B solid solution. At 11009, the solid solution of the alloy with 

45.0 percent Zr undergoes a decomposition with the formation of finely dispersed 
precipitates of a second phase. The microhardness of this phase is considerably 
higher that that of the B solid solution, and it.can therefore be assumed that 
this phase is a chemical compound. 


The microstructure of alloys with 50-70 percent Zr is similar to the micro- 
structure shown in figure lc, although the precipitates of the second phase are 
still more finely dispersed. In alloys containing over 70 percent Zr, a mar- 
tensite decomposition of the B solid solution is observed. It should be noted 
that the etchant used in this work (1 pt. HF, 1 pt. HNO3 and 1 pt. glycerin) 


satisfactorily reveals the phase components of the alloys of the investigated 
section, which contain up to 50-60 percent Zr. At a higher zirconium content, 
even on high dilution with glycerin and water, this etchant causes a marked 
etching of the surface of the polished sections, and this hinders the analysis 
of the alloys. 


At 800°, the structure of the solid solution of the alloy of the composi- 
tion TiAl is preserved in alloys containing up to 5-6 percent Zr. In the alloy 


with 7 percent Zr, there is observed a thickening of the grain boundaries; this 
is obviously due to the precipitation of the second phase. In the concentra- 
tion range of 10-70 percent Zr, the 6B solid solution of the alloys undergoes a 
transformation which ends in a eutectoid decomposition. In the course of cool- 
ing from 1100 to 800°, the B solid solution of alloys containing respectively 
20 and 50 percent Zr decomposes with the formation of an additional quantity of 
the @ phase. Grains of the B solid solution which did not decompose during the 
polymorphic transformation subsequently undergo a decomposition according to 
the reaction B ~ q@ + metallic compound (fig. ld and e). At a higher zirconium 
content, there is observed a separation of coarse grains of a phase (fig. 1f) 
whose microhardness HB = 500 (whereas the microhardness of the a phase HB = 312). 
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Figure 1. (Concluded) 


This phase has the same color as the phase which separated during the decomposi- 
tion of the B solid solution in alloys with 45-50 percent Zr, and it may be as- 
sumed that they both consist of the same metallic compound. 


Prolonged annealing of the alloys of the investigated section at 500° 
caused a decrease in the solubility of zirconium in the solid solution based 
on the alloy corresponding to the composition TiAl to 3-4 percent. As shown 


by the photomicrographs (fig. lg, h and i), at 500° there is observed an in- 
crease in the quantity of the metallic compound as a result of decomposition of 
the a phase; this is in agreement with the very low solubility of aluminum in 
the solid solution based on q-Zr at this temperature. 


Some alloys with a characteristic microstructure quenched from 800° and 
annealed at 500° were subjected to x-ray analysis. The latter was done in an 
RKU-86 camera by the powder method, with copper K, emission and the use of a 


metal filter. 


The alloy powders were additionally annealed in quartz ampules at 800° for 
50 hrs and at 500° for 100 hrs. 
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The x-ray powder patterns of the investigated alloys quenched from 800° 
(fig, 2) show that the main phase constituting the alloys containing up to 50 
percent Zr is a solid solution based on q-Ti and q-Zr. 


According to the data of the x-ray analysis, the alloys with 60 percent Zr 
have a three-phase structure consisting of q+ Bt Z2r2Al, The presence of 


very faint individual reflection lines which may be attributed to the compound 
Zr5Al 3 (6 phase) indicates the formation of the compound ZrzAl (vy phase); this 


presence is just as evident as in the binary system Zr-Al. 


In alloys with 20, 50 and 85 percent Zr, the metallic compound formed also 
corresponds to the composition ZroAl. In the alloy with 85 percent Zr, the main 


phase component is a solid solution based on the 6 modification of titanium and 
Zirconium. 


X-ray analysis of alloys with 45, 50 and 90 percent Zr annealed at 500° 
showed that the B solid solution of these alloys decomposed with the formation 
of the qa phase and of the compound Z4r2Al, 


G1 G2 42 O4% 865 G6 G7 G6 G9 to 
Sin 8 


Figure 2, X-ray powder patterns of alloys of the section Ti,Al-Zr 
after quenching from 800°: a, alloy TinAl; b, alloy with 20 percent 


Zr; c, alloy with 50 percent Zr; d, alloy with 60 percent Zr; e, alloy 
with 85 percent Zr; 1, a phase; 2, y phase; 3, B phase. 
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The diffuseness of the reflection lines on the x-ray patterns of these 
alloys indicates a certain lack of equilibrium in this state, although the x-ray 
patterns do not show the reflection lines of the B solid solution. X-ray anal- 
ysis of alloys with 45-60 percent Zr quenched from 1100° heretofore has not 
permitted any definite conclusion to be drawn concerning the composition of the 
compound formed by the decomposition of the B phase in the temperature range of 
1000-1100°. For this reason, and also because of the insufficiently complete 
data of the thermal analysis, the polythermal cross section of the TioAl-Zr sec- 


tion plotted on the basis of the data of microstructural and x-ray analyses (fig. 
3) is only tentative. The transformations observed in the alloys of this sec- 
tion indicate the presence of a region of a three-phase equilibrium of qa + B + 
Zr2Al; the existence of this region is confirmed by the results of the thermal 
analysis performed on alloys containing 10-70 percent Zr. The thermal analy- 

sis was carried out by differential recording of heating curves with the 
Kurnakov pyrometer. The alloys were heated in air up to 1100-1150°. As is 
evident from figure 3, the temperature of the eutectoid transformation of the 

B phase decreases from 975 to 780° as the zirconium content of. the alloys in- 
creases from 10-70 percent. 


It was impossible to obtain data on the temperatures of the phase trans- 
formations of the component alloys containing over 70 percent Zr because of the 
high rate of their oxidation. 


Thermograms of the investigated alloys show that in the range of 15-45 
percent Zr, the highest oxidation rate begins at temperatures of 950-9209. In 
the alloy containing 50 percent Zr, it begins at 755°, and in the alloy with 
90 percent Zr, this temperature drops to 600°. 


Let us examine the "composition-hardness" diagrams of the alloys of the 


Ti,Al-Zr section at the three temperatures of the heat treatment (fig. 4). The 


W260 2 40 50 66 70 8 IYO WE 
Zr, wt percent 


Figure 3. Polythermal cross section of the 
section Ti,Al-Zr: 1, data of thermal 


analysis; 2, compositions of alloys studied. 
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Figure 4. Hardness versus composition of alloys 
after quenching: 1, at 11009; 2, at 800°; 3, at 500°. 


hardness of these alloys changes along curves having a maximum corresponding to 
30 percent Zr at a hardening temperature of 1100° and 30-40 percent Zr at 800 
and 500°. In the concentration range of 15-90 percent Zr, the alloys quenched 
from 11009 have hardness values that are 50-100 units higher than those of the 
alloys quenched from 800 and 500°; this is explained by the formation of mar- 
tensitelike structures of the metallic compound in the course of quenching 

from 1100°. The appearance of a substantial quantity of equilibrium grains of 
the a phase at 800 and 500° is associated with a decrease in the hardness of 
these alloys. The hardness values of alloys of this section at temperatures of 
800 and 500° lie approximately within the same limits, and the hardness in- 
creases slightly in the region of certain alloys owing to the formation of an 
additional quantity of the metallic compound. Measurements made on the elec- 
trical resistivity of the alloys of the Ti,Al-Zr section, the results of which 


are shown in the table, do not permit one to relate this property to the 
microstructure. However, the data indicate that the maximum values of the 
electrical resistivity are displayed by the alloy of the composition TiAl, 


which is richest in aluminum. The introduction of up to 10 percent Zr slightly 
decreases the electrical resistivity of the alloys. A further increase in the 
zirconium content of the alloys causes a drop in resistivity, which reaches 
minimum values in the alloy with 90 percent Zr. Values of the specific gravity 
of the alloys of the TioAl-4r section are also given in the table. 


The above investigation has shown that the chemical interaction of tita- 
nium, aluminum and zirconium in the alloys of the Ti,Al-Zr section has a more 
complex course than in the alloys of the sections TigAl-Zr and TizAl-Zr, in 
which it remains analogous to the interaction of titanium with zirconium. 


An increase in the aluminum content of the alloys of the Tij,Al-Zr system 


leads to the appearance of phase components characteristic of the binary sys- 
tem Zr-Al. 
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RELATIONSHIP OF STRUCTURES FORMED ON QUENCHING TITANIUM ALLOYS 
TO EQUILIBRIUM PHASE DIAGRAMS 


B. A. Kolachev and V. A. Livano 


Recently, a number of published studies (refs. 1-4) have shown metastable 
phase diagrams of titanium alloys illustrating structures arising in the alloys 
after quenching. These diagrams are plotted in the coordinates temperature of 
heating for quenching versus concentration of alloying elements. In principle, 
metastable phase composition diagrams of titanium alloys can be easily related 
to their equilibrium phase diagrams if the metastable properties of the B phase 
are already known. 


As an example, we shall examine the phase diagram of titanium with a B 
stabilizer represented by a transition element (fig. 1). In the problem under 
consideration, to a first approximation, it is not important whether or not 
there is a eutectoid transformation in the system under study, since in titanium 
systems with transition elements, eutectoid transformations occur extremely 
slowly and do not have any appreciable effect on the structures obtained on 
quenching. 


We shall assume further that in alloys having a concentration of alloying 
elements in the 8B phase lower than the critical concentration (C5), there takes 


place during quenching a martensite transformation starting at some temperature 


B-stabilizer, percent 


Figure 1. Schematic phase diagram of alloys 
of titanium with a transition element. 
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M, which decreases with increasing content of the alloying element (fig. 1). In 


keeping with the general principles of such transformations, one can assume that 
the martensite transformations in titanium alloys end at a certain temperature 
M, which also decreases with increasing content of the B stabilizer, and which 


at a certain concentration C, reaches the room temperature value (ref. 5). 


In this case, on quenching from the B region in alloys with a concentration 
of the alloying element less than Ci, the martensite transformation will go to 


completion, and the structure of such alloys in the quenched state should be 
represented only by the martensitic q@' phase. At a concentration of the alloy- 
ing elements from Cc) tO Co, the martensite transformation does not go to com- 
pletion, and the structure of alloys with such a concentration’ of the B stabi- 
lizer after quenching from the 6B region will be represented by two phases: 

a' and 6B. Finally, if the concentration of the B stabilizer exceeds the 

critical value Co, only the B phase will be fixed on quenching from the B region. 


In the two-phase a@ + 6B region at temperatures below Ty > the concentration 


of the B stabilizer ir the B phase is greater than the critical value, and for 
this reason it will not undergo a martensite transformation on quenching. The 
structure of alloys after cooling from temperatures corresponding to this region 
of the phase diagram will be represented by qa and B phases. In the temperature 
range from T, toT, the concentration of the B stabilizer in the B phase in 


the two-phase qa + 8 region is below critical, and therefore the B phase changes 
into a phase of martensite type during quenching. Since the martensite trans- 
formation in the B phase with a concentration of the 6 stabilizer from CS to Co 


does not go to completion, the final structure of the quenched alloys will be 
represented by a, a@' and B phases. During heating for quenching up to the two- 
phase a@ + B region above temperature To» the concentration of the B stabilizer 


in the B phase is less than C,, and therefore the B ~ q! transformation goes to 


completion, as a result of which the final structure will be represented by the 
q-and a@' phases. Naturally, when low alloys are heated for quenching up to 
temperatures corresponding to the q@ region, the structure of these alloys after 
quenching will be represented only by the q phase. 


As was shown by the work of N. V. Ageyev (ref. 1-4), it may be considered 
a firmly established fact that in the majority of binary alloys of titanium with 
transition elements, if the temperature of the heating for quenching is high 
enough, the W phase separates on quenching from the B phase. The metastable 
diagram of the phase composition of the titanium alloys after quenching can then 
be represented by the diagram shown in figure 2. 
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B-stabilizer, percent 


Figure 2. Schematic metastable diagram of the phase 
composition of high-purity titanium alloys. 


In alloys of technical-grade purity, owing to the presence of impurities, 
the lines of the phase diagram which bound the two-phase region do not con- 
verge at one point, and the metastable diagrams of the phase composition of 
titanium alloys can then be described by the diagram shown in figure 3a. The 
region of decomposition of the B phase with the precipitation of the Ww phase 
can be wedged into the a + qa! + B region or even into the q@ + B region of the 
metastable diagram, and the latter then assumes the form illustrated in figures 
3b and c, respectively. 


It is interesting to note that in the illustrated metastable diagram of 
titanium alloys, regions which differ in phase composition by only one phase 
border on one another directly. The only exception is the boundary between the 
q and qa' +a+ B regions, which separates regions differing by two phases. This 
exception is obviously due to the fact that the q@ region of figure 2 and 3 is 
essentially a region of an equilibrium phase diagram and not a metastable region. 


Apparently, the law of adjacent state spaces operating in equilibrium sys- 
tems, by which "only state spaces which differ by one phase" (ref. 6, p. 39) 
border directly on one another in the system, can be extended to metastable dia- 
grams as well. However, this law should not be applied to metastable diagrams 
without certain qualifications. Thus, for example, the law of adjacent state 
spaces will not be obeyed if any high-temperature phase changes into two metast- 
able phases on quenching. 


In order to compare the diagrams proposed above with the published metast- 
able phase-composition diagrams plotted experimentally, metastable diagrams for 
alloys of the system Ti-Fe (fig. 4) and Ti-Ni (fig. 5), plotted from the data 
of references 2 and 3, are illustrated. These experimentally plotted metastable 
diagrams unquestionably confirm the proposed diagrams. At the same time, the 
theoretical diagrams permit a more accurate interpretation of the experimental 
data. Thus, for example, the line separating the a +a' and q@'+a+ 8B regions 
from the qa' and a! + B regions (fig. 4) should be somewhat inclined toward the 
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B-stabilizer, percent 6B-stabilizer, percent B-stabilizer, percent 


Figure 3. Schematic metastable diagram of the phase composition 
of titanium alloys of technical-grade purity. 
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Figure 4. Metastable diagram of the Figure 5. Metastable diagram of the 
phase composition of alloys of the phase composition of alloys of the 
system Ti-Fe. system Ti-Ni. 


axis of abscissas, while the line separating the qa' + B region from the q' + 
B +a region (fig. 5) should be drawn as shown by the broken line. 


Not all of the published metastable diagrams of titanium alloys agree so 
well with the proposed diagrams as those shown in figures 4 and 5. These dis- 
crepancies may be caused by the following: 


1. Some phase region of the metastable diagram may be so small that at 
the chosen concentrations of the alloying elements and temperatures it could not 
be detected. 


(0 


2. The holding time during heating for quenching was insufficient for the 
establishment of the phase equilibrium corresponding to the selected temperature 
of the heating for quenching. 


3. In any specific system, the behavior of the B phase on quenching may 
differ from the behavior taken as the basis for the proposed diagrams, and 
the latter should then be revised in accordance with the altered basic assump- 
tions. 


Summary 
1. On the basis of the equilibrium phase diagrams of alloys of titanium 
with transition elements and transformations occurring in these alloys on 


quenching, schematic metastable phase composition diagrams have been plotted. 


2. The proposed sketches of metastable diagrams are in satisfactory 
agreement with the published experimentally plotted diagrams. 


3. The theoretical metastable diagrams permit a more accurate interpreta- 
tion of the experimental data. 
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STABILITY OF B ALLOYS OF THE SYSTEM Ti-Mo-Cr-Fe-Al 


N. V. Ageyev, S. G. Glazunov, L. A. Petrova, 
G. N. Tarasenko and L. P. Grankova 


A study of the stability of heating of the metastable B solid solution of 
titanium alloys with a relatively constant critical content of the alloying 
agent (6-9 percent) has shown that the most stable binary B alloys are alloys 
of titanium with rhenium, nickel, molybdenum and tungsten (ref. 1). If an alloy 
is taken containing 6 at. percent Fe, i.e., with an iron content exceeding the 
critical value necessary for the stability of the B phase in the Ti-Fe alloy, 
the stability of the 6B solid solution of this alloy will be equivalent to that 
of the B solid solution of the alloy of titanium with the critical content of 
nickel (6.3 at. percent Ni). 


These data as well as data on other titanium alloys (ref. 1) have led to 
the conclusion that an increase in the concentration of the alloying agent 
causes an increase in stability which is greater the higher the content of the 
alloying agent. It should be borne in mind, however, that an increase in the 
content of the alloying agent affects the increase in stability up to a certain 
limit above which the stability remains the same as in alloys with a lower 
content of the alloying agent. 


If the increase in the concentration of the alloying agents promoted not 
only an increase in stability but also an improvement in mechanical character- 
istics, it would be possible to develop alloys with a high content of alloying 
elements despite the rise in the density of the alloy. It is known, however, 
that over the entire range of possible concentrations of the alloying elements, 
binary titanium alloys do not exhibit high mechanical characteristics, with 
the exception of the system Ti-Mo, in which it is possible to obtain o, = 91.7 


ce /rmm™ at 6 = 16 percent, but whose density is 20 percent higher than that of 
pure titanium (ref. 2). 


At the present time, major attention is concentrated in the development of 
new titanium alloys on multicomponent alloys with a metastable B structure which 
combine a high technological plasticity in the hardened state, necessary for the 
manufacture of intricate-shape parts, with a high strength after aging (ref. 3). 


On the basis of what was stated above concerning the effect of alloying 
elements on the stability of titanium alloys, and also on the basis of 
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literature data on the influence of these elements on the various properties of 
the alloys, which will be discussed below, we selected the system Ti-Mo-Fe-Cr-Al 
for our investigation. 


The purpose of the work, on the one hand, was a study of the stability on 
heating of the metastable B phase and, on the other hand, a study of the decom- 
position and the selection of alloys for a more detailed investigation. 


It is known that molybdenum not only improves the mechanical properties of 
titanium alloys, but has a desirable effect on the stability of the B phase, and 
hence on the thermal stability. Iron increases the strength of titanium alloys, 
but decreases the thermal stability somewhat. Chromium increases the strength 
and heat resistance of titanium alloys (ref. 4), increases the calcinability _ 
(ref. 3), and owing to the high rate of decomposition of the B phase (the alloy 
of titanium with the critical content of 8.48 at. percent chromium decomposes 
at room temperature in 50 days (ref. 1)), makes it possible to obtain the desired 
properties with a shorter holding time during aging, a feature important in 
practice. Although aluminum is anq stabilizer, when present in small amounts 
(1.5-4 wt. percent) in titanium alloys, it acts like B stabilizers and decreases 
the critical concentration of elements which is required for the stabilization 
of the B solid solution. By depressing the formation of metastable phases dur- 
ing the heat treatment, aluminum increases the thermal stability and decreases 
the brittleness of the alloy. The combined presence of aluminum and chromium 
has a desirable effect on the heat resistance of titanium alloys and on the in- 
crease in thermal stability. 


Since the B phase can be obtained in the metastable state in titanium alloys 
at an electron concentration of 4.20 el/atom (ref. 5), the compositions of the 
alloys of the system Ti-Mo-Cr-Fe-Al were chosen (table 1) so that they would be 
quenched into a B solid solution. 


The alloys were prepared from sponge. TGOO (0.05 percent Fe; 0.03 percent 
Si; 0.05 percent C; 0.028 percent N; HV = 121 kg /mm®; O, = 37.9 kg /mm*; § = 


47.8 percent, } = 80.5 percent) from the master alloy Al-Mo (29.8 percent Al; 
70.6 percent Mo; 0.05 percent Si; 0.08 percent Fe); AVOOO aluminum, KhO chromium, 
and armco iron in an are furnace by the double remelting method. After the re- 
melting, ingots weighing 400 g were turned on a lathe and forged into rods 15 
mm in diameter and squares 15 x 15 mm. The ingots were heated for forging in 
an electric furnace at 1000-1100° for 15 min with subsequent intermediate heat- 
ing for 2-3 min. 

After forging, the ingots were turned on a milling machine and cut into 
specimens for studying the microstructure, x-ray photographing of the polished 
sections, and hardness measurements, and into microspecimens for tensile test- 
ing (length 1 = 25 mm; diameter of the working part d = 1.5 mm; size of head 


5x 5 mm°), and impact (1 = 40 m; a = 5 mm). 
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TABLE 1. COMPOSITION OF ALLOYS OF THE SYSTEM Ti-Mo-Cr-Fe-Al 
(IN wt PERCENT), 


—_———- ~- ee ee oe Oe -_— _— eee ee + eee oe ee -_ 


Chemical analysis 


First series 


4121 9 31 3 83 | 2,13] 9,07] 2,8 | 2,7 | 0,025 0,086 
212] 8 4} 3 83 |2.16/6,2 | 4,0 | 3,4 0 ,0064 
312] 5 7/1 3 | 88 | 2,2 | 5,2 | 6,68 | 2,81 | 0,036] 0,05 0,024 
41 2| 4 8 | 3 83 | 2,2 | 3,76 | 7,35 | 3,45 | 0,025 0,076 
Second series 
6{ 318 3 | 3 |83 {3,0 | 8,80 | 2,80 | 2,90 0,082]0, 04 
1347 4-1 3 |83 | 3,45 | 7,23 | 4,20 | 3,14 
71/316 5 | 3 |83 | 2,83] 5,22] 5,10 | 2,95 
815 14,5151] 3 | 82,5] 3,47 | 3,10 | 5,20 | 3,00 | 0,042 0,0045! 0,047 
9/315 6 | 3 |83 |3,0 |5,0 | 6,0 | 3,0 | 
10/5 /3,5] 6] 3 | 82,5} 3,24] 3,5 | 8,5 | 2,89 | 0,025 0,0070} 0,057 
Third series 
441 4 | 7,513 1 3 | 82,514,201] 5,90 | 3,05 | 3,13 |0,036 ; 0,039 
42} 4155] 5 1] 3 | 82,5] 4,20 | 6,90 | 5,145 | 2,95 |0,036 0,033 
43|4|4,5 | 61 3 | 82,5] 4,20 | 4,65 | 5,90 | 3,01 10,042 0,026 
44} 41351 71] 3 | 82,5} 4,06] 5,22] 7,01 | 2,95 |0,236 0,076 
Fourth series 
1515 | 6,51 3} 3 | 82,5] 4,801 9,40} 3,04 | 2,96 | 0,025 | 
46/5155 14] 3 | 82,5 | 4,88 | 5,65 | 5,02 | 3,00 | 
4716 }4,01 5} 3 | 82 1|5,40| 4,08 | 4,90 | 3,13 | 0,042] 0,093 0,027 
48/715,5 13 { 38 | 81,5} 5,801 5,35 | 3,29 | 2,6 0, 12710, 0054 
49161 5 4 | 3 | 82 | 6,140 | 3,69 | 4,05 | 3,04 | 0,025) 0,097 0.038 
Fifth series 
j t 
20171 4,5 | 4 3 | 81,5 17,15 | 4,6 | 4,0 | 3.01 0,034 | | 0,034 
2117 3,51 51] 3 | 81,5 | 7,20 | 3,55 | 4,83 | 3,20 0, 10910 ,0087 
22181 4 4 { 3 | 81,0] 7,80 | 4,10 | 3,94 | 3,18 


The alloys were studied by metallographic and x-ray analyses. The hardness 
was measured with a Vickers instrument with a 10 kg load. The mechanical prop- 
erties (o,, 5 and ag) were determined at room temperature. The x-ray patterns 


were taken from a polished section in CuK q radiation with a nickel filter in 
an RKU evacuated camera, and the heat treatment of the alloys was carried out 


in sealed quartz and molybdenum ampules preevacuated to 10-4 mn He. To quench 
the alloys, the ampules were crushed directly in water. 


In order to determine the quenching temperature from which the metastable B 
phase is frozen, the alloy specimens (ad = 10 mm, h = 5 mm and abh = 10-10-5 mm) 
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were quenched from 750, 800 and 850° in water. Alloys with a high content of 
alloying agents were quenched from 800%, but for the most part the alloys were 
quenched from 850°. To compare the behavior of the alloys during aging, they 
were quenched from the same temperature at 850°. 


The hypothesis that the selected alloys with an electron concentration of 
4,20 el/atom should have a metastable B phase on cooling in water was confirmed 
by metallographical and x-ray phase analysis which showed that the alloys of 
the compositions indicated in table 1 had a metastable B structure after quench- 
ing from 850°. Their structure differed in grain size only (fig. la and b). 


All the alloys with the metastable B structure were tempered at 100, 200, 
300, 350, 400, 450 and 500° for 1-100 hrs, and in some cases for up to 169 hrs. 
The dependence of the hardness of the alloys on the aging temperature and on 
the holding time is illustrated graphically (figs. 2-6). 


For convenience, these alloys were divided into five series depending upon 
the molybdenum content. The aluminum content in all the alloys was 3 ‘percent. 


In the alloys of the first series (with 2 percent Mo), the amount of iron 
increased from 2.8 to 7.35 percent and the amount of chromium decreased from 
9.07 to 3.76 percent from alloy 1 to alloy 4. 


The hardness of alloys 2, 3 and 4 does not change during heating to 200° 
in the course of 100 hr, whereas in alloy 1 it increases after 9 hrs. The con- 
stant hardness of alloys 2, 3 and 4 indicates the stability of the B solid 
solution at this temperature. A proof of the stability of the B solid solution 
in this case is the presence of only the lines of the B solid solution on the 
x-ray patterns of these alloys. The x-ray pattern of alloy 1, tempered for 


Figure 1. Microstructure of alloys 
of the system Ti-Mo-Cr-Fe-Al quenched 
in water from 850°, x 120: a, alloy 
15; b, alloy 18. 
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9-100 hrs at 200°, shows the w phase, which is responsible for the increase 
in the hardness of alloy 1 under the same aging conditions. 


An inspection of the curves of the hardness of the alloys subjected to 
aging at higher temperatures leads to the conclusion that the higher the chro-. 
mium content and the lower the iron content of the alloy, the faster is the 
decomposition of the B solid solution and the increase in hardness (see fig. 2a, 
b, c and d). In the case of aging at 350-500°, the B solid solution of alloys 
1 and 2, containing up to 4 percent Fe, decomposes at once, and that of alloys 
3 and 4 (~7 percent Fe), after some time, so that the hardness curves of these 
alloys are also shifted to the right. In all alloys except alloy 1 aged at 
350-400°, and in all alloys aged at 400-5009, a gradual decomposition of the 
B solid solution and hence a gradual increase in hardness are observed. The 
hardness of alloy 1 decreases during aging for 1-9 hrs, and increases again as 
the aging time is raised to 49 hrs. This shape of the hardness curves is ex- 
plained by the fact that on aging in the temperature range of 350- hoo? for 1 
hr, alloy 1 decomposes not with the separation of the a@ phase, as in the case 
of all the alloys, but w phase, which, as the duration of the aging increases, 
changes into the q phase, as a result of which the hardness of the alloy in- 
creases again after 16 hrs. 


The high iron content of alloy 4 as compared to alloys 1, 2 and 3 promotes 
an increase in the stability of this alloy on aging. Alloy 4, which contains 
twice as much iron (7.35 percent) as chromium (3.76 percent), decomposes at an 
aging temperature of 350-400° after 25 hrs, and-at an aging temperature of 450- 
500° after 1 hr. 


The decreased hardness of this alloy at an aging temperature of 350-400° 
and even 450° in the course of 100 hrs as compared to its hardness at an aging 
temperature of 500° for the same period of time is probably a result of the 
slower decomposition of the B solid solution of the alloy at an aging tempera- 
ture of 350-450° than at 5009. In order to reach the hardness obtained at an 
aging temperature of 500° or even a higher value, a longer holding time than 
100 hrs is necessary during aging at 350-509. 


From an analysis of the hardness curves of the alloys of the first series 
(containing 2 percent Mo) it follows that all alloys with the exception of alloy 
4 practically reached a stable value of the hardness after 36 hrs of holding 
time. Of the alloys in this series, the one deserving most attention is alloy 
3, which has the lowest scatter of stable hardness. 


Let us examine the change in the hardness of alloys of the second series, 
containing 3 percent Mo and various quantities of iron and chromium. The 
amount of iron increases from 2.8 to 8.5 percent from alloy 5 to alloy 10, and 
the amount of chromium decreases from 8.8 to 3.5 percent. The hardness of all 
the investigated alloys during aging at 200° for 100 hrs remains practically 
unchanged (see fig, 3a, b, c,-d and e), indicating the stability of the alloys 
under these conditions. The data on the hardness are supported by microstruc- 
tural and x-ray analyses, which indicate the presence of the B solid solution 
alone. On heating to higher temperatures (300° and higher), the B solid solu- 
tion of the alloys decomposes, and hence the hardness increases. 
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Figure 3. Hardness of alloys of the second series versus 
aging temperature and holding time: a, alloy 5; b, alloy 
6; c, alloy 7; d, alloy 8; e, alloy 9; f, alloy 10. 


An increase in the content of iron and a decrease in the content of chro- 
mium in the alloys of this series as well as in the alloys of the preceding 
series raises the stability of the B solid solution somewhat. In alloys 10, 

8 and 9, the hardness at an aging temperature of 300-3509 remains practically 
unchanged at holding times of 4, 9 and 16 hrs, respectively, in contrast to 
alloys 5, 6 and 7, in which the change in hardness becomes insignificant 1 hr 
after heating. An increase in the iron content and decrease in the chromium 
content of the alloys also promote a great maximum hardness on aging. Thus, in 
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the range of 500-350°, the hardness of alloy 5 is equal to 450-500 kg/mm*, and 
that of alloy 7, 490 and 530 kg/mm= at 500 and 450°, respectively. At 350 and 


400°, the hardness of alloy 7, having reached ~520 kg/mm, continues to increase. 
However, alloy 8, which contains the same amount of iron as alloy 7 but 2.12 
percent less chromium, and alloy 10, which contains the largest amount of iron 
of all the alloys in the second series, do not differ in maximum hardness from 
alloy 5, which has the lowest iron content (2.8 percent). Furthermore, in alloys 
8 and 10, on heating to 500°, the hardness, having reached a maximum value up to 
9 hours, does not remain constant as in the case of alloys 5, 6, 7 and 9, and 
decreases. 


The data obtained lead to the assumption that in alloys with 3 percent Mo, 
iron does not have a desirable effect if its amount exceeds ~) percent. In 
alloys containing 3-4 percent Fe, there should be 1.5-2 times as much chromiun, 
and in alloys with 5 percent Fe, the chromium content should be no less than 5 
percent, since this has an adverse effect on the stability of the properties 
(fig. 3d and f). The hardness of alloys 7 and 9, which contain approximately 
5 percent Fe and Cr each. and are aged at 500°, is stable, whereas it decreases 
in alloy 8. 


The decomposition of the B solid solution of alloys 5, 6 and 7 during aging 
at 350-500°, of alloy 8 at 400-500°, and of alloys 9 and 10 at 450-500° begins 
immediately after a holding time of one hour and proceeds with the precipitation 
of the @ phase without the formation of the intermediate w phase. The q@ phase 
which precipitates in the course of the aging process, even at a relatively 
high temperature and a long holding time, was observed in the form of very 
finely dispersed particles (fig. 7). X-ray phase analysis of these alloys con- 
firmed the presence of the a phase (fig. 8a). On heating to 3009, alloys 8, 9 
and 10 decompose with the precipitation of the W phase, which exists for an- 
other 100 hours (fig. 8b). 


Analyzing the data on alloys 5-10, one can assume that alloy 5 with an 
equal content of molybdenum, iron and aluminum (<3 percent) and with the highest 
content of chromium (~9 percent) is of greatest interest for a detailed investi- 
gation, owing to the highest rate of decomposition of the B solid solution, and 
to the establishment: of a stable hardness at all aging temperatures in 36 hours. 


Let us examine the curves representing the variation in the hardness of the 
alloys of the third series, containing 4 percent Mo and various quantities of 
iron and chromium (see fig. 4a, b, c, d and e). Alloy 11 (5.9 percent Cr and 
3.05 percent Fe) decomposes practically at once at all aging temperatures ex- 
cept 200°, at which it is stable for 16 hours. Alloy 13 (4.65 percent Cr and 
5.9 percent Fe) is stable at temperatures of 200 and 300° for 100 hours and at 
temperatures of 400 and 500° for } hours. 


An increase in the hardness of alloy 13 at an aging temperature of 300° in 
9 hours is probably due to a certain enrichment of the B solid solution with 
the alloying elements during the period preceding the separation of the decom- 
position products. | 
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Hardness of alloys of the fourth series versus aging temperature 


and holding time: a, alloy 15; b, alloy 16; c, alloy 17; d, alloy 18; e, 
alloy 19. 


When alloys 11, 13 and 14 are aged from 500° after the hardness maximum 
has been reached, a ‘decline in hardness is observed; in alloy 11 (with the 
smallest iron content), the hardness decreases in 9 hours, and in alloy 13, 
containing 2.85 percent more iron, in 16 hours. The decline in hardness in 
alloys 11 and 13 at 500° is apparently related to an insufficient quantity of 
chromium. Like alloys 5 and 7, alloys 11 and 13, which contain approximately 
the same amount of iron, have a stable hardness on heating at 500° if no less 
than 7 and 5 percent chromium is present in the alloys. 
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Figure 6. Hardness of alloys of the fifth series 
versus aging temperature and holding time: a, alloy 
20; b, alloy 21; c, alloy 22. 


Alloy 12 (6.9 percent Cr and 1.15 percent Fe) is stable at 200° for 100 
hrs, but decomposes in 1 hr when heated at 450 and 500°, in 4} hrs at 400°, and 
in 9 hrs at 300°, in contrast to alloy 13, which contains a larger amount of 
iron but is less stable. 


Alloy 14 (5.22 percent Cr and 7.01 percent Fe) is somewhat more stable 
than alloy 11, but less stable than alloy 13. On heating at 300-450°, alloy 12 
decomposes essentially like alloy 14, but the latter on heating at 300° decom- 
poses with the precipitation of the intermediate q@ phase, which is stable for 
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Figure 8. X-ray powder patterns of series II, quenched from 
850° for 1 hr in water and aged under the following conditions: 
a, alloy 7, 350°, 100 hrs, 8 + a phase; b, alloy 10, 300°, 100 
hrs, B+ W phase. 


another 100 hrs (fig. 9), but not with the precipitation of the Ww phase. 
In contrast to alloy 14 and other alloys of this series, alloy le retains the 
maximum hardness when heated at ‘500° for 9-100 hrs. 


A study of alloys 12 and 13, in one of which the hardness is stable on 
heating at 500° for 100 hrs, and in the other of which it is 50 kg/mm@ below 
the maximum value, did not show any appreciable difference in microstructure 
(fig. 10). 


Considering the alloys of the third series (with 4 percent Mo), one can 
state as was done in connection with the analysis of alloys of the second series 
(3 percent Mo), that if iron is present in amounts greater than 5 percent, it 
does not display any desirable effect. However, as before, it should be borne 
in mind that in order to acquire a stable hardness at an aging temperature of 
500°, an alloy containing 4 percent Mo and 5 percent Fe should contain 5 per- 
cent Cr. An example is alloy 12, which was selected for a further investiga- 
tion. 


Alloys 15, 16 and 17, which belong to the fourth series (see fig. 5a, b 
and c) contain approximately 5 percent Mo each and various amounts of chromium 
and iron. This same series includes alloys 18 and 19 (see fig.- 5d and e), 
which contain approximately the same amount of chromium and iron as does alloy 
17, but which differ from the latter in that they contain approximately 1 per- 
cent more molybdenum. 


As was already noted in the case of alloy 5 (8.8 percent Cr and 2.8 per- 


cent Fe), alloy 15 (9.4 percent Cr and 3.04 percent Fe), which contains the 
greatest amount of chromium and the smallest amount of iron in the series of 


By. 
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Figure 9. X-ray powder patterns of alloys of series III quenched 
from 850° for 1 hr in water and aged at 300° for 100 hrs: a, alloy 
12, 6 + a@ phase; b, alloy 14, B + w phase. 


alloys under consideration, decomposes at once at all aging temperatures except 
300°, at which the B solid solution is stable for 15 min. An increase in the 
iron content and decrease in chromium content in alloy 16 as compared to alloy 
15 increases the stability of the B solid solution at the start of the aging; 
this effect is more significant the lower the temperature. Alloy 16 is stable 
for 4 hrs at 3009, and the hardness curves for aging at temperatures above 

300° are displaced to the right. 


Despite the different content of iron and chromium, alloys 15 and 16 have 
the same decomposition mechanism. On heating at 3009, alloys 15 and 16 decom- 
pose with the precipitation of the w phase in 1 and 4 hrs, respectively. On 
heating at 350°, the precipitation of the w phase in alloy 15 takes place in 
15 min. This phase, which exists in alloy 15 at 300° for 121 hrs and at 350° 
for 81 hrs, changes into the q@ phase in 144 and 100 hrs, respectively. During 
aging at 40O and 450°, alloys 15 and 16 decompose at once with the precipitation 
of the qa phase. 


Alloy 17, which contains approximately the same amount of molybdenum and 
iron as alloy 16 but 1.5 percent less chromium, has a still greater stability 
during aging than alloy 16, i.e., alloy 17 practically does not decompose for 
4 hrs. 


A comparison of alloy 16 (4.88 percent Mo + 5.65 percent Cr + 5.02 percent 
Fe) and 7 (2.83 percent Mo + 5.22 percent Cr + 5.10 percent Fe) shows that mo- 
lybdenum increases the stability of the alloy somewhat at the start of the 
aging. A 1 percent increase in the molybdenum content of alloy 19 as compared 
to alloy 17, the content of the other alloying elements being the same, also 
increases the stability of the B alloys. During heating at 00, 450 and 500°, 
alloy 19 is as staple as alloy 17 for approximately 4 hrs, but on heating at 
300°, alloy 17 in contrast to alloy 19, which is stable at this temperature for 
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From an analysis of the hardness curves of the alloys of the fourth series, 
it follows that the most interesting alloys are 18 and 19, which reach a stable 
hardness most rapidly and the lowest difference in the value of the maximum 
hardness during aging in the range of 500-00°. Since the composition of alloys 
18 and 19 is almost the same, an alloy with an average composition in iron and 
chromium and with 6 percent Mo was selected for a further investigation. 


Let us examine alloys 20 and 21 (see fig. 6a and b) containing 7 percent 
Mo each and different amounts of iron and chromium (alloy 21 contains approx- 
imately 1 percent less chromium and 0.8 percent more iron than alloy 20). The 
presence of large amounts of iron in alloy 21 causes a more sluggish decomposi- 
tion of this alloy on heating, as a result of which the hardness reaches its 
maximum value and becomes stable after longer holding times. By comparing al- 
loys 20 and 21 with alloy 22 (fig. 6c), which differ from the first two in 
their molybdenum content, it can be seen that a further increase in the molyb- 
denum content of the alloy slows down the decomposition process even more. 


Despite the different decomposition rates at the start of the aging at 
300-5009, alloys 20-22 decompose according to the same pattern, i.e., with the 
precipitation of a finely dispersed q@ phase whose size and character of distri- 
bution are analogous to those observed in the alloys considered earlier (see 


fig. 7). 


Analyzing alloys 15-22 (with 5-8 percent Mo), one can conclude that a 1-2 
percent increase in the molybdenum content of alloys 18-22 as compared to its 
content of alloys 15-17 slightly increases the stability of the B alloy, and 
that a slow decomposition process is even undesirable in these alloys. Among 
alloys containing over percent Mo, alloy 21, whose hardness scatter was low- 
est, was chosen for a further investigation. 


The curves representing the dependence of the hardness of all the investi- 
gated alloys on the temperature and duration of aging show that in alloys with 
2 percent Mo (3.76 percent Cr + 7.35 percent Fe + 3.15 percent Al and 5.2 per- 
cent Cr + 6.68 percent Fe + 2.81 percent Al), at an aging temperature of 500°, 
the hardness, having reached its maximum value, does not change as the holding 
time increases to 100 hrs, and that in alloys with 3 and 4 percent Mo and 
approximately the same content of chromium, iron and aluminum (respectively 
3.5 percent Cr + 8.5 percent Fe + 2.89 percent Al and 5.22 percent Cr + 7.01 
percent Fe + 2.9 percent Al), the hardness declines. In our view, at an aging 
temperature of 500°, the hardness should drop more rapidly in alloys with 2 
percent Mo, and not in alloys with a higher content of molybdenum (3-4 per- 
cent), which promotes an increase in stability. The stable hardness in alloys 
with 2 percent Mo is apparently explained by the fact that in alloys with a 
small amount of molybdenum, the latter manifests itself more effectively than 
in alloys with 3-4 percent Mo, and acts as in alloys with 5 percent Mo. 


Since the mechanical properties of the alloys of the system Ti-Mo-Cr-Fe- 
Al quenched from 850° for 1 hr in water (table 2) were obtained by testing 
microspecimens sensitive to all types of notches and microcracks, the data of 
this table should be regarded with some reservations. However, these data 
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TABLE 2. MECHANICAL PROPERTIES OF ALLOYS OF THE SYSTEM Ti-Mo-Cr-Fe-Al. 


Alloy number 5, percent " 
kem/mm@ 
1 8 2.3 
2 9 2.4 
3 10, 3 
hh head unchanged 1 
5 13 | 2.4 
6 8 not tested 
7 14 not tested 
8 14 not tested 
fe) 9 not tested 
LO 7 not tested 
11 3 1.4 
12 LO 3.33 
13 14 1.81 
14 5 2.05 
15 8 2.28 
16 ) 1.47 
1 { 3.36 
bent 
18 8 5.15 
bent 
19 7 2.12 
20 14 2.60 
21 12 2.9 
22 11 1.63 


confirm the correctness of the selection of alloys 3, 5, 12, 17, 18, 19 and 21 
for a more detailed investigation, since these alloys have shown the highest 
mechanical characteristics. 


Summary 


1. All the investigated alloys of the system Ti-Mo-Cr-Fe-Al with the 
exception of alloy 1 are stable for 100 hrs at 200°. Alloy 1 is stable for 9 
hrs at 200°. Only alloys 13 and 19 are stable for 100. hrs at 300°. All the 
remaining alloys decompose; alloys 10, 14, 16 and 17 decompose with the pre- 
cipitation with the W phase, which exists for another 100 hrs, and all the 
other alloys decompose with the precipitation of the q@ phase. 


2. In alloys containing 2 and 5 percent Mo, the stability of the prop- 
erties is independent of the ratio of chromium to iron within the investigated 
limits. The :chromium content in alloys with 2 percent Mo decreased from 9.07 
to 3.76 percent, and the iron content increased from 2.8 to 7.3 percent; the 
chromium content in alloys with 5 percent Mo decreased from 9.40 to 4.08 per- 
cent, while the iron content increased from 3.04 to 5 percent. 
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3. For alloys containing 3-5 percent Mo, not more than 5 percent Fe should 
be used, since a higher iron content has an adverse effect on the stability of 
the properties. In alloys with 3-4 percent Fe, the amount of chromium should be 
1.5-2 times greater, and in alloys with 5 percent Fe, the chromium content should 
not be less than 5 percent. 


4, In alloys containing up to 5 percent Cr and up to 5 percent Fe, not 
more than 5 percent Mo should be taken. A 1-2 percent increase in the amount 
of molybdenum slightly increases the stability of the 6 alloys, and a slow de- 
composition process is undesirable because of the presence of this amount of 
molybdenum. 
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METASTABLE POLYMORPHISM OF ALLOYS BASED ON ELEMENTS OF GROUP IV 
OF THE PERIODIC SYSTEM 


N. F. Lashko 


I 


It is a well-known fact that in titanium-base alloys, four types of metast- 
able polymorphic transformations have been established during quenching from 
temperatures of the B region: 1, B-at; 2, B 7a"; 3, B7 B+ 3 4, Botap 


Bnetastab* In zirconium-base alloys, three types of transformations have been 


established: 1, Br a's; 2, B7 B+ W; 3, Bstab ~ Bnetastab° In hafnium alloys, 
none of these reactions has been reliably established thus far. 


A number of studies have defended the thesis that the transformations 
B- a", B?7 B+ , Botan 7 Bmetastab are determined by the concentration of the 


outer electrons of transition metals in these alloys (refs. 1-4). The condi- 
tions of the metastable polymorphic transformations may be written as follows: 


(100 —2)-4e(e-by) py , 
TOU = 4+ Foy = ali = 2, 3, 4), 


where a. is the constant of the i-th transformation; x is the concentration of 


i 
the alloying element in at. percent; y is the number of its outer electrons 
minus four. 


Two conclusions result: 


1. The metastable polymorphic transformations should occur with a decreas- 
ing concentration of the alloying element, increasing number of the group of 
the periodic system, and increasing number of outer electrons; 


2. The transformation in alloys containing alloying elements of one group 


of the periodic system should occur at the same electron concentration, i.e., 
when the number of outer electrons per atom is the same. 
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Neither conclusion has been confirmed experimentally. This is particularly 
apparent from the most complete data on the conditions of the fixation of the 
metastable phase during quenching, when Bjian 7 Bmetastab (table 1). The con- 


centration of the alloying elements, which fix the B phase during the quenching 
of binary titanium alloys and in the state of equilibrium form a eutectoid reac- 
tion, decreases at first as the number of the group of the periodic system in- 
creases (up to group VIII), and then the concentration increases. Nor is this 
concentration constant in alloys with alloying elements of the same group (for 
example, in alloys with elements of group VI). 


The fixing of the metastable B phase on quenching should be determined by 
the relative stability of this phase on cooling. This phase is naturally less 
stable in alloys with a peritectoid transformation and more stable in binary 
alloys with a eutectoid transformation or in alloys forming continuous B and 
limited q solid solutions. The degree of stability of the w phase in alloys of 
the latter type should be determined by the change in the temperature of the 
equilibrium 8B ~q@+ 6 anda+ 6B-7a relative to the concentration of the alloy- 
ing elements. To a first approximation, in alloys with a eutectoid transforma- 
tion, this quantity should be characterized by the temperature of the eutectoid 
transformation. Indeed, as the number of the group of the alloying element in- 
creases within the confines of the same period, the change in its concentration, 
which causes the fixing of the metastable w phase in the alloy, is symbatic with 
the change in the eutectoid temperature. 


This also applies to alloys with alloying elements of the same group (for 
example, to the alloys Ti-Cr and Ti-W). 


The fixing of the metastable B phase in binary titanium alloys, which 
form a continuous series of B solid solutions and a limited series of qa solid 
solutions, takes place at a lower concentration of the alloying elements the 
more pronounced is the decrease in the temperature of the stable transformation 
B-a+Banda+Bp-a. In order of decreasing stability of the B phase, such 
alloys can be arranged in the following sequence: Ti-Mo, Ti-V, Ti-Ta, Ti-Nb. 
As an arbitrary characteristic of the degree of stability of the B phase during 
the cooling of these alloys, one can take the concentration of the alloying 
elements which give rise to the equilibrium B 7 8 + a transformation at 600° 
(table 2). 


This criterion of the relative metastability of the 6B phase in zirconium 
alloys cannot be verified because of insufficient data. It is justified in 
judging the conditions of formation of the w phase during the quenching of cer- 
tain alloys (table 3). 


TABLE 1. CONDITIONS OF FIXATION OF THE METASTABLE 6 PHASE DURING QUENCHING 
OF TITANIUM ALLOYS (REFS. 1 AND 2). 


Minimum concentration of 
element at whichthe meta- 
stable phase is fixed, 
at. percent 


Group 
of the 
periodic 
system 


BKlectron- ‘BKutectoid 
concentration] temperature 
el/atom °c 


Number of 
outer 
electrons 


Klement 


V 5 4.184 

VI 6 4.17 650-717 

VI 6 4.12 

VI 6 4.17 715 
VII 7 415 550 
VIII 8 418-4, 20 590 
VIII 9 4.20 685 
VIII 10 435-4. 38 770 


TABLE 2. CONDITIONS OF FIXATION OF THE METASTABLE 6 PHASE 
DURING QUENCHING OF TITANIUM ALLOYS FORMING A CONTINUOUS 
SERIES OF 68 SOLID SOLUTIONS AND A LIMITED SERIES OF a@ SOLID 
SOLUTIONS (REFS. 1 AND 2). 


Concentration of alloying elements (in at. 
percent) providing for 


Alloy 

system equilibrium fixing of the 
transformation metastable B phase 

Brat B during quenching 

Ti-Mo 17 5.8 

Ti-V 25 18.4 

Ti-Ta 33 Ol 

Ti-Nb 35 23 


TABLE 3. CONDITIONS OF FORMATION OF THE METASTABLE w PHASE IN ZIRCONIUM 
ALLOYS WITH A EUTECTOID TRANSFORMATION (REFS. 3 AND 4). 


Content of alloying element at . Butectoid 
. . EBlectron concentration 
which the ™ phase is formed, tempera- 
system el /atom O 
at. percent ture, ~C 
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IT 


When the temperature of the eutectoid transformation approaches the tem- 
perature of the polymorphic transformation B ~ q in pure metals, conditions are 
created which depress the metastable polymorphic transformations. On cooling 
in air, the eutectoid reaction close to the equilibrium reaction occurs only 
in alloys with high eutectoid transformation temperature, when all main meta- 
stable polymorphic transformations (B > a', B7 a", B7 B+ , Botap 7 Bnetastab 


are depressed. We observed the equilibrium product of the eutectoid transforma- 
tion, for example, on cooling in air (from temperatures of the B region) alloys 
of the system Ti-Cu with a eutectoid temperature of 798° (the eutectoid qa + 
Ti,Cu). A residual B phase was not observed in this case. It can be reliably 


stated that polymorphic metastable transformations should not take place in 
alloys of the system Ti-Ag and Ti-Au, the eutectoid temperatures of which are 
higher than in the alloys of the system Ti-Cu, and equal respectively to 855 
and 832°. 


We can also state that in the alloys of the system Hf-Fe, the eutectoid 
temperature of which is high and, according to reference 5, equal to 1235°, there 
should be no metastable polymorphic transformations on quenching from 12609. As 
indicated by an analysis of their data (recording and calculation of x-ray dif- 
fraction patterns of an alloy of hafnium with 3.5 percent Fe after quenching 
from 1260°), the conclusions of the authors of reference 5 concerning the pres- 
ence of B ~ B + Ww transformations in these alloys are incorrect. According to 
their data, the product of the eutectoid reaction--the phase Hf ,Fe-- is ob- 


served in the quenched alloy. The x-ray pattern which they cite and its calcula- 
tion indicate beyond any doubt the presence of the aq-Hf phase on quenching, not 
the presence of the B + ™ phase, as indicated by the authors of reference 5, who 
proceeded from the assumption that the W phase should be formed in this alloy 
with an outer-electron concentration of 4.14 el/atom. Hence, when this alloy 

ig quenched in water from 1260°, the transformation taking place is B ~a@ + 
HfoFe. This example clearly shows the advantage of the above-indicated cri- 


terion for the degree of instability of the B phase over the quantitative cri- 
terion related to the electron concentration. 


Lil 


Metastable polymorphism in alloys based on titanium and zirconium with a 
eutectoid transformation is also manifested by the formation of a residual 6B 
phase during quenching. Its amount and resistance to decomposition on aging 
also depend on the eutectoid temperature. In titanium alloys with a high tem- 
perature of the eutectoid transformation, no residual B phase is formed. As 
was indicated above, in alloys of the system Ti-Cu, the B phase is converted 
into the products of the eutectoid reaction during quenching. It is usually 
stated that no residual B phase is formed in the system Ti-Si with a eutectoid 
temperature of 860°. In our earlier work (ref. 6), it was shown that in 
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technical alloys of the system Ti-Si, two phases were observed, q@ + TI5Si3; 


after a relatively short heating for quenching followed by quenching. However, 
an investigation of this system of alloys, which were first homogenized at 920° 
for 145 hrs, then furnace-cooled to 100-200° and aged at 600-8409, revealed the 
presence of a residual 6 phase (table 4). In ternary alloys of the system Ti-6 
percent Al-Si, which were subjected to the same homogenizing treatment, no 
residual 6B phase was observed, but the phase Tissi was detected. The phases 


3 


B and Ti,Si., were found in the course of an x-ray structural analysis of anodic 


> 3 


deposits isolated from the alloys in electrolytes of the following compositions: 


1. Three g of potassium thiocyanate, 10 g of citric acid, 1000 m1 of 
methanol ; 


e. Three g of lithium chloride, 10 g of citric acid, 25 ml of glycerin, 
1000 ml of methano1.t 


TABLE 4. RESULTS OF X-RAY STRUCTURAL ANALYSIS OF MONOLITHIC 
ALLOYS AND ANODIC DEPOSITS ISOLATED FROM ALLOYS OF THE SYS- 
TEMS Ti-Si AND Ti-6 PERCENT Al-Si. 


Alloy of the system Ti-Si! Alloy of + tem Ti. _ 
“ | nat tn ii n nea De | 
p } Ons | cond § Lons 


+ ! py 
1% 9 ffemperj Dura-| Phase | 5 GlTempert Dura- Phase 
©. giature,| tion compo- |}? & gfature,| tion o 4s 
SB ; 4 | 6 Io? 7| composition 
© a| ~C -| hours}sition| o ¢, C hours 
| | | 

0,2 600 100 cl 0,2 500 425 ot 
GA GOO 100 a-- 3 | 0,4 500 425 @ + TisSis 
G,G GOO 400 a-i- B 4,1 500 125 a + TisSis 
U,8 G00 100 a-- | 1,5 500 425 a+ TisSis 
11 600 100 a -i-8 | 0,2 600 125 | a+ TisSis 
1,5 600 400 a -j- B 0,6 600 425 a TisSis 
0,2 700 75 0 0,2 700 400 a -- TisSis 
0,4 700 75 ce 0,6 700 100 a -+ TisSis 
4,1 700 75 a-j-3 1.,5 700 400 a + TisSis 
1,5 700 75 a-i- B 0,2 850 50 a + TisSis 
0,2 840 50 pi 0,4 850 50 a + TisSis 
0,4 840 50 aL 1,4 850 50 a +- TisSig 
0,6 840 50 a—-3 1,5 850 50 a -++ TisSis 
1,1 840 50 | a--8 
4,5 840 50 a-- 9 


ithe work was carried out in cooperation with Ye. A. Vinogradova and 
A, I. Glazova. 
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It is possible that the decomposition of the B phase and of the alloys of 
the system Ti-Si investigated earlier is promoted by impurities and a segrega- 
tional structure. It is known that the maximum concentration of alloying ele- 
ments in titanium alloys which causes the fixation of the B phase on quenching 
depends on the purity of the alloys. The homogenizing of the alloys of the sys- 
tem Ti-Si promotes an increase in the stability of the B phase. Alloying of 
these alloys with aluminum accelerates the decomposition of the B phase. 
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The metastable polymorphic transformation B~7~ 6B + W taking place in titanium 
and zirconium alloys during quenching or aging is attributed to martensite trans- 
formations of a special type (ref. 7). A characteristic feature of this mar- 
tensite transformation is the mandatory existence of the W phase, which is co- 
herently bound to the B phase. Apparently, in contrast to the other martensite 
phases, the W phase does not exist independently. When it is formed, the 
volume of the alloy decreases. The self-coherent bond of the two phases B + W 
is a single phase. The likelihood of such an assumption is reinforced if three 
known facts are recalled: 


1. There is no relief on the surface of the quenched alloy during the 
formation of the W phase; 


2. The main planes of reflection of x-rays from the B and w phases 
coincide; 


3. The w phase cannot be distinguished metallographically as a separate 
component different from the matrix. 


The statement made in reference 8 that some very small particles observed 
by means of the electron microscope constitute the w phase is debatable. These 
authors observed the same kind of particles in the alloy Hf~3.5 percent Fe, 
where, as was shown above, there is no W phase. 


It is known that the w phase is formed in medium titanium and zirconium 
alloys directly on quenching, whereas in higher alloys, it is formed with the 
participation of diffusion processes as a result of the heating of the metasta- 
ble B phase fixed on quenching. In addition to the indicated characteristics 
of the B phase, one should note the independence of the temperature of the 
martensite transformation from the cooling rate, and also identical or similar 
parameters of the crystal structure of the W phase in titanium alloys of dif- 
ferent compositions (ref. 9). Hence, we conclude that diffusionless martensite 
transformations have a common feature. They occur when, as a result of some 
processes, the specific volume of a high-temperature phase is prepared for a 
diffusionless transformation into a low-temperature metastable phase. This may 
take place as a result of a volume change on cooling of the high-temperature 
phase or as a result of its diffusional change during aging. 


The first condition of the preparation of a phase for a metastable poly- 
morphic transformation was pointed out by the authors (ref. 10) and also by 
M. V. Yakutovich and V. D. Sadovskiy (ref. 11). 
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The diffusional preparation of a high-temperature phase for a subsequent 
diffusionless transformation may occur in two ways: B-> By +xorp- B, + Bo, 


where B is the initial phase of the changed composition (depleted of alloying 
elements); x is the equilibrium phase; B, is the phase enriched with alloying 


elements. The first case is realized in the bainite transformation, when during 
the isothermal treatment austenite partially decomposes with the precipitation 
of cementite, and the austenite depleted of carbon changes into martensite. 


The realization of the second type of transformation in titanium alloys 
was described in a report of R. M. Lerinman and T. V. Shchegoleva (ref. 12). 
They showed that when the metastable B phase of titanium alloys containing 
chromium and manganese ages, a demixing of the B phase and the formation of 
the w phase take place. 


We have observed various cases of formation of the w phase in alloys of the 
system Zr-Nb. As we know, in the region of the existence of the B phase, zir- 
conium and niobium form a continuous series of solid solutions and a limited 
region of solubility of niobium in q-Zr. The high-temperature B phase decomposes 
under equilibrium conditions in accordance with the eutectoid reaction B ~ q-Zr + 
Nb at 610°. Four alloys were taken which differed in the type of decomposition 
of the B phase on cooling in water and subsequent aging. 


The results of the investigation are shown in table 5. 


TABLE 5. RESULTS OF X-RAY STRUCTURAL ANALYSIS OF ALLOYS 
OF THE SYSTEM Zr-Nb APTER QUENCHING IN WATER AND AGING. 


Aging 
ni conditions 
conten = —_— 
oneene faee . Parameter of 
is ion, |composi- B phase, A 
hrs 
6 880 a +3 
6 880 400 2 ats 3,56 
6 880 590 00 os —_— 
8 880 3,553 
8 880 3,545 
8 880 3,045 
1o 800 3,515 
45 800 3,= 3,54, Be=3,49, 
49 800 
20 790 3,012 
20 750 3,542 
20 750 


After quenching, in the alloy containing 6 percent Nb there is formed a 
residual B phase which is relatively stable on heating for 2 hrs at 400° and 
which decomposes at 550°. It is possible that a small amount of a stable 6 © 
phase which has not been detected by x-ray structural analysis is formed at the 
same time. 


On quenching of the alloy containing 8 percent Nb, there is formed a rela- 
tively stable w phase which does not decompose for 2 hrs at 400° and for 0.5 hr 
at 430°, but decomposes at 550°. 


On quenching of the alloy containing 15 percent Nb, there is formed a meta- 
stable B phase decomposing in 2 hrs at 400° into a By phase enriched with nio- 


bium and into a w(B, + W) phase depleted of niobium. Aging at 550° leads to the 
decomposition of the metastable phases and to the formation of the q phase. 
In the alloy containing 20 percent Nb, there is formed a relatively stable 
B phase which does not decompose for 2 hrs at 400° but does decompose at 550°. 
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DILATOMETRIC STUDY OF TRANSFORMATIONS IN TITANIUM ALLOYS 
L. P. Luzhnikov, V. M. Novikova and A. P. Mareyev 


The present study is a part of a more extensive investigation dealing with 
transformations during the heat treatment of titanium alloys. In addition to 
the dilatometric method, we also use the determination of mechanical properties, 
the end-quench method, microstructural analysis, and other methods. 


The dilatometric method was used to study the transformations in the in- 
dustrial alloys VT3-1, V@6, VT8, VT9 and VT14 (table 1), and was also applied to 
alloys of the following binary and ternary systems: Ti-Cr (2, 4, 6, 10 percent 
Cr), Ti-Mo (3, 6, 10 percent Mo), Ti-Al-Cr, Ti-Al-Mo. 


The ternary alloys contained 4 percent Al and the same amount of B stabil- 
izer as the corresponding binary alloys. The alloys were prepared by double 
fusion in vacuum are furnaces followed by hot forging of ingots, and were 
studied in the forged state. Technical titanium (q, = 41 ke /mn2; 0.08 percent 


Oo) was used for the preparation of the alloys. The alloys contained an average 


of 0.12-0.13 percent On. 

The change in length was recorded with a Bollenrath dilatometer (made by 
the Leitz Company) with a programmed temperature regulator and a vacuum furnace. 
The dilatometer provided a 194-fold magnification. 


In the indicated series of experiments, the change i: the length of the 
specimens (1 = 50 mm) was recorded with the change in temperature. The heating 
was carried out at the rate of 4.5-5 deg/min. In many cases, the dilatometric 
curves were recorded for the same alloy on two or more specimens. The curves 
indicated a complete reproducibility of the data obtained. In one of the alloys 
(Ti + 10 percent Cr), the influence of the heating rate (3 and 6 deg/min) on the 
nature of the dilatometric curves was studied. It was found that within these 
limits, the change in the rate was not reflected in the magnitude and position 
of the dilatometric effects on the temperature scale. 


svecuum (6 x 107° mm He) was used in certain cases; a neutral atmosphere was 
employed (pure argon). In all cases, no sign of oxidation of the specimens was 
observed after their removal, 
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TABLE 1. CHEMICAL COMPOSITION OF 
TNDUSTRIAL ALLOYS (IN PERCENT). 


Note: Residual Ti 


For reference purposes, dilatometric curves were recorded for iodide and 
technical titanium (fig. 1). These curves are illustrated together with the 
curves for the industrial alloys. 


The temperature of the q ~ 6 transformation for iodide titanium was found 
to be 880°, and for technical titanium, 862°, For iodide titanium, this is in 
good agreement with McQuillen's data (882.5°) (ref. 1). The decrease in the 
temperature of the polymorphic transformation in technical titanium is probably 
due to the predominant action of 6 stabilizing impurities (chiefly iron and 
silicon). 


Before the dilatometric testing, the specimens of industrial alloys were 
quenched in water from the temperature chosen for each alloy. Blanks (rods 
12-13 mm in diameter) from which the specimens were made were subjected to heat- 
ing for quenching, and other heat treatments of the alloys were carried out in 
ordinary laboratory electric furnaces in an atmosphere of air. Specimens with 
diameters of 4 mm (dilatometry) and 5 mm (mechanical tests) were turned from 
these blanks. The gas-saturated layer was thus satisfactorily removed. 


The dilatometric curves of most of the industrial alloys (VT6, v@8, VT9, 
VT14) did not show any noticeable effects (fig. 1); this is apparently due to 
the slight development of transformations in these alloys, and also to the 
small difference in the dilatometric characteristics of the phases participating 
in these transformations. This is confirmed by a relatively slight tendency of 
the alloys under consideration to harden on aging (aging effect, 10-15 percent). 
It is also possible that the slight effects were not detected by the dilatometer 
because the increase was too small. 


Alloy VT3-1 (fig. 1) displays a distinct negative effect in the temperature 
range of 286-009 (contraction), followed by a positive effect (expansion) ,1t 
which takes place at 450-70°. 


liere and subsequently the magnitude and position of the effects on the curves 


are measured by using a photographic plate 18 x 24 cm on which the dilatometric 
curves were recorded. 
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Change in length 
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Figure 1. Dilatometric curves of industrial alloys: 1, alloy VT14 
(temperature of heating for quenching 880°); 2, alloy V?14 (820°); 
3, alloy vT9 (950°); 4, alloy VI9 (900°); 5, alloy VT8 (950°); 6, 
alloy VT8 (900°); 7, alloy VI6 (950°); 8, alloy VI6 (845°); 9, alloy 
VT3-1 (845°); 10, technical titanium (910°); 11, iodide titanium. 


This dilatometric effect indicates the formation of the W phase during the 
decomposition of the B solid solution, fixed by quenching of the alloy VT3-l. 
This is a new and important fact in the case of VT3-1. 


Until now, almost all the investigators of this alloy have completely dis- 
counted the possibility that the w phase could form in this alloy (ref. 2). 


Certain investigators groundlessly attribute the positive effect on the 
dilatometric curves to the presence of the w phase (ref. 3). 


We shall discuss this question below in more detail. 


At the same time, the dilatometric curves of the other alloys show that 
the formation of the Ww phase in the latter is impossible. In any event, this 
fact is indisputable for the investigated temperatures of heating for quench- 
ing of these alloys. For the sake of a more correct and deeper understanding 
of the dilatometric effects observed in complex multicomponent alloys, a study 
was made of the dilatometric characteristics of a series of binary and ternary 
alloys. 


It should be noted that all the data published up to the present time 


(refs. 4, 5, 6, etc.) indicate that the formation of the w phase during the de- 
composition of the B solid solution is associated with a negative effect of 
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change in length (contraction). The disappearance of the w phase on further 
heating is due to a positive effect (expansion). 


The quantities and composition of the coexisting phases in multicomponent 
alloys depend, in addition to the chemical and phase composition of the alloy, 
on the temperature and the length of time during which they are exposed to it. 


All of the above and the difference in the dilatometric characteristics of 
the various phases indicate that a multiplicity of factors determine the total 
(resultant) characteristics of a given alloy. This sometimes complicates the 
interpretation of the dilatometric data and causes certain discrepancies in the 
literature data. 


The binary and ternary alloys which we studied were quenched in water after 
being heated in the B region. 


Let us examine the dilatometric curves recorded for quenched specimens of 
alloys Ti-Cr (2, 4, 6 and 10 percent Cr) beginning with the upper curve corre- 
sponding to the alloy Ti + 10 percent Cr (fig. 2). In the quenched state, this 
alloy consists of a fixed B phase which is preserved in the metastable state 
approximately up to 180°; at this temperature, a negative effect (contraction) 
due to the formation of the w phase appears. At a temperature of approximately 
280- 300°, the formation of the Ww phase ceases, and this phase begins to dissolve 
in the B solid solution, while at the same time the dispersed a phase precip- 
itates from the solution (up to 400°). Above 400° and up to 530°, the amount 
of the q@ phase continues to increase, and the latter coagulates. The subsequent 
course of the dilatometric curve (above 530°) corresponds to a change in the 
composition and relative amounts of the q@ and B phase in the two-phase system. 
No eutectoid temperature is observed on this and the other curves. The next 
curve pertains to the alloy Ti + 6 percent Cr. Since this alloy in the quenched 
state had a B + W structure, its curve begins with a negative effect. The two- 
phase B + W structure is preserved on heating up to about 350-4009. Between 
400 and 500°, the amount of the w phase decreases, owing to its dissolution, and 


Change in length 
| . . 


20 200 400 600 800 r000t% 
Figure 2. Dilatometric curves of alloys of the system Ti-Cr: 


1, alloy Ti + 10 percent Cr; 2, alloy Ti + 6 percent Cr; 3, 
alloy Ti + 4 percent Cr; 4, alloy Ti + 2 percent Cr. 


102 


the amount of the @ phase which precipitates from the solid solution increases. 
Above 500-530°, the q and B phases apparently exist, but their composition and 
relative amounts change. 


The above explanation of the effects shown by the dilatometric curves is 
based on data for the dependence of the hardness on the aging temperature and 


also on studies (by the x-ray structural method) of transformations in analogous 
alloys described in references 4 and 7. 


The curve for the alloy Ti + 4 percent Cr is generally similar to the 


preceding one, but as should be expected, the dilatometric effects are very 
weakly expressed in this case. 


Finally, the last curve (for the alloy Ti + 2 percent Cr) is characteristic 
of quenched alloys with a martensite structure. It is a nearly straight line, 
indicating very slight transformations in these alloys during heating. This 
explanation of the course of the curves is also supported by the data on the 
end-quenching of the same alloys (fig. 3). 


This mechanism makes it possible to superimpose the dilatometric curves 
(on the right) onto the curves of the end-quenching (on the left).1 The alloy 
quenched to the B phase (curve 1) has a hardenability curve with a minimum 
hardness at the cooled end (point on the ordinate). 
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Figure 3. Curves of end-quenching (left) and dilatometric 
curves (right): 1, alloys quenched to the 6 solid solution; 
2, alloys quenched to the B + W structure; 3, alloys quenched 
to martensite; a, b and c--hardness values corresponding to 
the ordinate (maximum cooling rate on quenching). 


lthe curves of the end-quenching (GOST 5657-51) show the dependence of the hard- 
ness (axis of ordinates) on the distance to the end of the specimen cooled 


with water (axis of abscissas). As the distance from the end increases, the 
cooling rate decreases. 
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The alloy hardened to the two-phase B + w structure (curve 2) has a maxi- 
mum hardness at the cooled end and at an appreciable distance from the latter. 


Finally, the alloy quenched to martensite (curve 3) has a maximum hardness 
at the cooled end; as the distance from the latter increases, the hardness de- 
creases. The maximum hardness of the most abruptly quenched alloy (ordinate on 
the curves on the left) corresponds to the B + w structure, which is followed by 
a martensite structure, and the minimum hardness corresponds to the fixed B 
phase (a<c<b). 


The dilatometric curves corresponding to each of the alloys considered are 
shown in the same figure on the right. 


A definite confirmation of these data is provided by results of mechanical 
tests of the alloys following various modes of aging. Let us examine the di- 
latometric curves of the ternary alloys Ti-Al-Cr containing 4 percent Al (fig. 
4), It is known from the literature that the decomposition of the B solid solu- 
tion with the formation of the w phase is accelerated if the alloys contain 
interstitial elements (oxygen, nitrogen, carbon); this applies particularly to 
the action of oxygen. Aluminum retards this transformation, It apparently 
shifts the transformation B ~ w into a region of higher temperatures. This is 
particularly apparent in the alloy Ti + 4 percent Al + 10 percent Cr. 


The negative effect associated with the formation of the w phase (fig. )) 
decreased markedly and shifted into the region of higher temperatures (250-350°) 
as compared to the alloy Ti + 10 percent Cr (180-3009). In the region of 350- 
480°, the B + W™+ aq phases apparently exist in this alloy; the amount of the w 
phase between 350-4809 decreases, while the amount of the a phase increases. 
Above 480-500°, the alloy has a two-phase structure (q.+ B). It should be noted 
that four dilatometric curves were recorded for this alloy on specimens which 
were different but which were treated in the same manner, All the curves were 
completely identical. Alloying with aluminum introduced a substantial change 
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Figure 4. Dilatometric curves of alloys of the system Ti-Al-Cr: 
1, alloy Ti + 4 percent Al + 10 percent Cr; 2, alloy Ti + 4 per- 
cent Al + 6 percent Cr; 3, alloy Ti + 4 percent Al + 4 percent 
Cr; 4, alloy Ti + 4 percent Al + 2 percent Cr. 
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into the course of the curve of the alloy Ti + 6 percent Cr; in this alloy, 
aluminum substantially depressed the tendency to form the Ww phase during quench- 


ing. The influence of aluminum on the alloys Ti + 4 percent Cr and Ti + 2 per- 
cent Cr is slight. 


The curves of Ti-Cr alloys with aluminum (fig. 4+) show the eutectoid ten- 
perature (about 7009) fairly distinctly. 


Let us examine the dilatometric curves for the alloys of the systems Ti-Mo 
(fig. 5) and Ti-Al-Mo (fig. 6). 


The alloy Ti + 10 percent Mo is apparently quenched to the B solid solution 
with a small amount of the Ww phase, since its curve begins with a negative ef- 
fect; in the temperature range of 500-590°, a positive effect is observed. 


Both of these effects shift into the range of 650-870° in the alloy 
Ti + 4 percent Al + 10 percent Mo (fig. 6). 
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Figure 5. Dilatometric curves of alloys of the sys- 
tem Ti-Mo: 1, alloy Ti + 10 percent Mo; 2, alloy 
Ti + 6 percent Mo; 3, alloy Ti + 3 percent Mo. 
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Figure 6. Dilatometric curves of alloys of the system 
Ti-Al-Mo: 1, alloy Ti + 4 percent Al + 10 percent Me; 
2, alloy Ti + 4 percent Al + 6 percent Mo; 3, alloy 

Ti + 4 percent Al + 3 percent Mo. 
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The curves of the alloys Ti + 6 percent Mo and Ti + 3 percent Mo do not 
display any appreciable effects. The addition of aluminum does not cause any 
substantial change in the character of the curves. 


A series of additional experiments was carried out with the alloy VT3-1 for 
the purpose of confirming the possibility of the formation of the w phase in 
this alloy. 


First, a dilatometric curve was recorded for the alloy VI3-1 quenched from 
the B region (10509). It shows the absence of any effects (fig. 7, curve 1). 
This is in agreement with the fact that in this case the alloy was quenched to 
the a! phase (martensite). 


A curve was recorded for the alloy VT3-1 quenched from 800°. It is not 
illustrated here because its shape is the same as that of the curve which we 
have illustrated for the alloy quenched from 845° (see fig. 1). 


Figure ‘( also shows curve 2 for alloy VT3-1, recorded with a specimen after 
quenching from 845° and aging at 3509 for 10 hrs. The curve does not show a neg- 
ative effect, since aging at 350° had caused a practically complete B ~ w trans- 
formation prior to the recording of the dilatometric curve. 


Let us examine the aging effects in alloys VT3-1 (fig. 8, curve 2),Ti + 10 
percent Zr (fig. 8, curve 3) and Ti + 4 percent Al + 10 percent Cr (fig. 8, 
curve 1). 


The aging effect is characterized by an increase in a given property as a 
result of aging, i.e., by a difference between the values of the property (in 
this case the Rockwell hardness) after aging and after quenching. 


This increase of hardness (aging effect) in each alloy is expressed in per- 
cent relative to the hardness in the quenched state. The duration of aging at 
all temperatures was 10 hrs. 


Quenching (in water) of the alloys Ti + 10 percent Cr and Ti + 10 percent 
Cr + 4 percent Al was carried out after they were heated in the B region. The 
alloy VT3-1 was quenched from the a + B region from 845°, the standard tempera- 
ture of the heating for quenching of this alloy. 


As is evident from figure 8, the nature of the change in the hardening ef- 
fect during aging of the two 6 alloys is similar to the nature of the change in 
this effect in alloy VT3-1, or, more exactly, in the B solid solution of this 
two-phase alloy. The similarity of the curves characterizing the aging effect 
in alloys V~P3-1 and Ti + 10 percent Cr is particularly pronounced. In the region 
of the maximum (300-4009), their aging effects are even closer in magnitude. 


This similarity in the character of the change and in the magnitude of the 


aging effects makes it possible to assume a similarity in the nature of the 
B —~ ® transformation as well. 
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Figure 7. Dilatometric curves of the alloy VT3-1: 
1, quenching in water from 1050°, 30 min; 2, quench- 
ing in water from 845° for 1 hr and aging at 350° 
for 10 hrs. 
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Figure 8. Aging effect of titanium alloys for an 
aging time of 10 hrs: 1, alloy Ti + 10 percent 
Cr + 4 percent Al (quenched in the 8 region); 2, 
alloy VT3-1 (quenched in water from 845°); 3, al- 
loy Ti + 10 percent Cr (quenched in the B region). 


Finally, we shall cite the dependence of certain mechanical characteristics 
of the alloy VT3-1 on the duration of aging after quenching from 845° (table 2). 


After aging at 350° (the temperature of rapid formation of the w phase for 
this alloy) for various periods of time, the plasticity, particularly as char- 
acterized by elongation, decreased at first, reaching a minimum in 3 hrs, then 
increased again substantially after aging for 24 hrs. Apparently, the plastic- 
ity minimum corresponds to the fullest B ~ Ww transformation, and the increase 
in the duration of aging to 24 hrs, upon further decomposition of the B solid 
solution, leads to the appearance of the q@ phase, a decrease in the amount of 
the Ww phase, and an increase in plasticity. Aging for 6 hrs at 550° leads to 
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TABLE 2. DEPENDENCE OF THE MECHANICAL CHARACTERISTICS 
ON THE AGING TIME OF ALLOY VT3-1 AFTER QUENCHING FROM 
B45”, 


Aging mode 3 
b § t 
2 percent percent 


an appreciable increase in ductility and a decrease in strength. This corre- 
sponds to a change in the properties of the alloy resulting from the decomposi- 
tion of the B solid solution with the precipitation of the a@ phase. 


Thus, the above material definitely indicates the possibility of the forma- 
tion of the w phase in the alloy VI3-1 following the heat treatment of this 
alloy under certain conditions. These conditions involve its quenching from the 
two-phase a + B region (845°), when the B phase containing chromium and molyb- 
denum above the critical concentration becomes fixed, and to aging at tempera- 
tures in the range of 286-60°. 


The pronounced aging effect associated with the formation of the w phase 
(up to 50 percent) makes it possible to assert that the maximum amount of the B 
phase (5-8 percent) determined for the alloy VT3-1 in reference 2 is quite er- 
roneous. In our view, the amount of the B phase in this alloy can reach 30-40 
percent. 


Summary 


1. <A study was made of the transformations associated with the heat 
treatment of industrial titanium alloys VT3-1, VT6, VT8, VT9 and VT14, and also 
alloys of the systems Ti-Cr, Ti-Mo, Ti-Al-Cr and Ti-Al-Mo by the dilatometric 
and other methods. 


2. These industrial alloys in the quenched state do not show any apprecia- 
ble dilatometric effects during heating. An exception is the alloy VT3-1, which 
has a negative effect in the temperature range of 286-009 after quenching from 
the two-phase region (845°). 


3. The dilatometric characteristics of a series of binary and ternary (with 


aluminum) alloys were studied; this facilitated the interpretation of the experi- 
mental data for the alloy VI3-1. 
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4, The dilatometric investigation, the study of aging, and the use of the 
end-quench method make it possible to assert that after quenching of the alloy 
VT3-1 from 845°, a B solid solution of supercritical concentration is fixed to- 
gether with the a phase. The w phase is formed as a result of the aging (par- 
ticularly in the range of 350-500°). The amount of the fixed ® phase can 
apparently reach 30-40 percent. This explains the relatively pronounced aging 
effect of the alloy VI3-1 (up to 50 percent). 
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DISLOCATION THEORY OF THE HYDROGEN BRITTLENESS OF TITANIUM ALLOYS 


B. A. Kolachev, V. A. Livanov and A. A. Bukhanova 


Numerous studies made by both Soviet and foreign investigators have shown 
that there are two kinds of hydrogen brittleness of titanium and its alloys. 


Brittleness of the first kind manifests itself at high deformation rates 
and is associated with the appearance, in the structure of titanium and its 
alloys, of hydride-phase precipitates which essentially act as internal cuts in 
the metal. The explanation of the nature of this kind of brittleness presents 
no difficulties. 


Hydrogen brittleness of the second kind is manifested at low deformation 
rates. It develops primarily in quenched alloys in which the hydrogen content 
exceeds the solubility limit at the temperature ofthe tests. In this case, 
solid solutions supersaturated with hydrogen are fixed on quenching which de- 
compose on prolonged exposure to applied stresses with the formation of finely 
dispersed hydride precipitates, causing a certain hardening of the alloys and 
a sharp decrease in plasticity. 


Hydrogen brittleness caused by decomposition which develops in the course 
of deformation is the term applied to irreversible brittleness of the second 
kind in the sense that if after a prolonged exposure to stresses the load is 
removed, the plasticity of the alloys is not restored, and brittle failure is 
observed in subsequent tests conducted at a high rate after any period. of time 
following the removal of the load. The explanation of brittleness of this type 
does not present any particular difficulties either. 


The most complex nature of hydrogen brittleness is that which develops in 
titanium alloys at low deformation rates when the hydrogen content is below the 
solubility limit at the temperature of the tests, and the development of brittle- 
ness is not accompanied by the appearance of hydride-phase precipitates. In its 
most characteristic fom, this brittleness develops in typical qa + 8B alloys. It 
may be termed reversible brittleness of the second kind. If anqgq+ B titanium 
alloy saturated with hydrogen is subjected to the prolonged action of stresses, 
sources of hydrogen brittleness will arise in it, and if mechanical tests are 
performed at a high rate immediately after the stresses are relieved, the alloys 
will display a low plasticity. However, after the qa + B alloy is aged following 
the relief of previously applied stresses, its plasticity will be almost com- 
pletely restored. Thus, after the relieving of preliminary stresses, the sources 
of hydrogen brittleness are partially destroyed and their embrittling effect is 
eliminated. 
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The following rules govern reversible hydrogen brittleness of the second 
kind (ref. 1). 


1. Brittleness of the second kind is manifested over a definite tempera- 
ture range which depends on the deformation rate, nature of the alloys (a, a+ B 
or B alloy) and their chemical composition. 


2. As the deformation rate increases, the temperature range over which 
the plasticity decreases is reduced, the plastic characteristics increase, and 
if the deformation rate exceeds a certain limit, brittleness is no longer 
observed. 


3. The temperature of the transition from viscous failure to brittle fail- 
ure rises with a decreasing deformation rate and increasing hydrogen content. 


4, Failure at a low deformation rate takes place along the grain 
boundaries. 


Several theories of the hydrogen brittleness of q+ 6 alloys have been 
proposed. However, as was shown in reference 2, these theories cannot account 
for all the details of this phenomenon. In the present work, an attempt is 
made to explain the basic regularities of reversible hydrogen brittleness of 
the second kind from the standpoint of the dislocation theory. 


It is postulated that at a temperature below some critical temperature To» 


hydregen is formed on the dislocations of the Cottrell atmosphere. If the de- 
formation rate is low and the temperature is not too high, so that the mobility 
of the hydrogen atoms is comparable to the rate of displacement of the disloca- 
tions, the atmospheres will accompany the dislocations, lagging a certain 
distance behind them. Since the dislocation is then acted upon by a force 
which repels it back to the initial position at the center of the atmosphere, 
the resistance to plastic deformation is somewhat increased. Plastic deforma- 
tion is created not only by the movement of the dislocations present in the 
crystal, but also by the generation of new dislocations by any source under the 
influence of applied stresses and their displacement along the glide plane. 
Under the indicated conditions, newly formed dislocations will become surrounded 
by hydrogen atmospheres, and their behavior should not be substantially differ- 
ent from that of "old" dislocations. The dislocations together with the hy- 
drogen atmospheres, moving under the influence of the applied stresses, reach 
the grain boundary and may either vanish at the latter, producing a shear step 
(in this case the hydrogen atmospheres are freed), or form a pileup at this 
boundary. In either of these cases, hydrogen accumulates at the grain boundary. 
Since up to 100 and more dislocations can move along a single acting glide plane, 
and the pileup may consist of the same number of dislocations, a considerable 
segregation of hydrogen at the grain boundaries should be expected. If the ac- 
tual stresses are high enough, a crack is generated at the grain boundary on the 
step or at the top of the pileup, and hydrogen apparently facilitates not only 
the generation of the crack but also its further propagation. 


iil 


The reversible nature of this brittleness may be explained by the fact 
that if the load is removed prior to the appearance of cracks, thermal diffu- 
sion will gradually equalize the hydrogen concentration over the volume of the 
metal and will at least partially eliminate the segregation of hydrogen at the 
grain boundary. 


It should be noted that in principle, dislocation pileups may arise not 
only at the boundary of the grain but also within the latter. However, these 
pileups apparently do not play a decisive part in the development of hydrogen 
brittleness. Before the conditions of the pileup inside the grain become 
conducive to the formation of a crack, the crack is generated and begins to 
propagate at the grain boundary because of the higher degree of segregation of 
hydrogen and a lesser regularity in the arrangement of the atoms. Thus, a 
vital concept in the postulated theory of hydrogen brittleness is the hypothesis 
that under certain conditions, the dislocations move toward the grain boundaries 
together with the hydrogen atmospheres surrounding them, and the progressing 
segregation of hydrogen causes a premature failure. 


The nature of the interaction of hydrogen atoms with moving dislocations 
depends substantially on the deformation temperature. If this temperature is 
too low, the mobility of the hydrogen atoms will'be.go slight that even at a 
relatively low deformation rate v5 (fig. 1), the dislocations will not entrain 
the hydrogen atmospheres, but escape out of them and move freely through the 
metal. In this case, the extension curve shows a yield dent, so that the yield 
point rises, but the plasticity remains high for two reasons: 

a. The motion of the dislocations is not retarded by hydrogen clouds; 


b. The dislocations do not supply hydrogen atoms to the grain boundaries. 


As the temperature rises, the mobility of the hydrogen atoms increases, and 
at a certain temperature Tn becomes comparable to the velocity of the disloca- 


tions at the same deformation rate Vy: Starting at this temperature, the 
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Figure 1. Diagram of the influence of testing 
temperature and deformation rate on the trans- 
verse contraction of titanium alloys saturated 
With hydrogen. 
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dislocations begin to partially entrain the hydrogen atmospheres, and this 
causes a decrease in plasticity. At some temperature Tw the hydrogen atmo- 


spheres are completely entrained by the dislocations. 
If the deformation rate remains unchanged at V1» any further rise in tem- 
perature should not affect the plasticity appreciably. 


Actually, from the equation relating the deformation rate v to the velocity 
of the dislocations Va? the dislocation density p, and the minimum interatomic 


distance b (ref. 3), 
Vo Vgeb (1) 


it follows that under the indicated conditions (v = const) the quantity of dis- 
locations reaching the boundary per unit time remains unchanged to a first 
approximation. Although the resistance of the accompanying atmosphere to the 
motion of dislocations should decrease to some extent as the température rises, 
the amount of hydrogen supplied by the dislocations to the grain boundary will 
be the same as at temperature Tye Consequently, the specimens at temperatures 


above Tt, will exhibit failure almost as brittle as at temperature Tha 
Finally, temperature Tg becomes so high that the Cottrell atmospheres start 


being broken down by the thermal motion. The density of the hydrogen atmo- 
spheres decreases, and their resistance to the motion of the dislocations de- 
creases. In addition, each dislocation brings fewer hydrogen atoms to the grain 
boundary than in the case of lower temperatures. 


In summary, beginning at temperature Tp, the plasticity rises sharply, and 


When the Cottrell atmospheres are completely broken down, hydrogen brittleness 
disappears. 


If the deformation rate is greater than v,, such as, vy, the decrease in 


plasticity begins at a higher temperature, since the mobility of the hydrogen 
atoms should be greater at a greater velocity of the dislocations, so that these 
atoms can interact with a moving dislocation and accompany it. Finally, ata 
certain deformation rate V3 the temperature T',, at which the Cottrell atmo- 
spheres begin to be completely entrained by the moving dislocations, coincides 
with temperature Tp, above which the Cottrell atmospheres are unstable, and a 


sharp minimum then appears on the "plasticity-temperature" curve. 
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The temperature of the complete restoration of plasticity, Ty, apparently 


depends on the deformation rate. As was indicated earlier, above temperature 
To, the Cottrell atmospheres become unstable and are gradually broken down by 


the thermal motion. If it is considered that the moving dislocation scatters 
its energy along the path of its motion and that for this reason, in addition 
to the thermal energy, the adjacent atoms acquire energy of scattering which 
increases with rising velocity of the dislocation, then one should expect the 
temperature of the complete restoration of plasticity to decrease with an in- 
creasing deformation rate. 

At sufficiently high deformation rates of the order of Vv)» , the dislocations 


escape from the surrounding hydrogen atmospheres over the entire temperature 
interval of existence of these atmospheres. 


Let us now turn to a mathematical analysis of the picture drawn above. 
The critical velocity Vo at which the atmospheres begin to be entrained by the 


moving dislocations is given according to Cottrell (ref. 3) by the equation 


where D is the diffusion coefficient of the impurity; 1 is the characteristic 
length. 


The characteristic length 1 may be found from the equation 


_ sl Apber? 2 
(= ip = EP (2) 


where & is the shear modulus; € are the stresses caused by the dissolved atoms; 
ris the radius of the impurity atom; k is Boltzmann's constant; T is the 


absolute temperature. 


On the basis of equation (1), the critical deformation rate may then be 
expressed by the equation 


4DobkT 
Vayr= vob = ao . 


Assuming that D = Doe kT Where Q is the activation energy of the diffusion of 


hydrogen in titanium, we find that 
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Q 
4Doyob p. f 
Yor -y kLe *?, (3) 


Thus, in keeping with the general assumptions made above, the critical de- 
formation rate at which the dislocations begin to entrain the hydrogen atmo- 
spheres increases with rising temperature. It is important to note, however, 
that this rate is independent of the hydrogen content of the alloy. 


On the contrary, the temperature at which the plasticity begins to be re- 
stored, Tp, and the related temperature Ty depend strongly on the average hy- 


drogen concentration Co (ref. 3), so that 


Lo = — ’ (1) 
in C 
where u,,, is the maximum bond energy of the hydrogen atom, equal to ; 
ry + d 
lo being the minimum distance of the impurity atom from the dislocation center 


and d being the effective dislocation width. 


The dependence of T'. on the hydrogen content is shown graphically (fig. 2). 


9) 


The same figure shows the temperatures T,, T,, T, and T,, given by equation (3), 


1? "2? ~3 


below which the hydrogen brittleness does not develop when the tests are carried 
out at the rates vj, Vo, V2 and v),, since the velocity of the dislocations con- 


siderably exceeds the mobility of the atoms. Thus, the temperature range in 
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Figure 2. Dependence of the temperature 
range of hydrogen brittleness of titanium 
alloys on the hydrogen content. 
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which the hydrogen brittleness can develop is limited at the top by the tempera- 
ture of the breakdown of the Cottrell atmospheres Ty and at the bottom by the 


temperature Dn below which the dislocations escape from the Cottrell atmospheres. 


The point of intersection characterizing these temperatures determines the max- 
imum permissible hydrogen concentration up to which the hydrogen brittleness is 
not manifested at a given deformation rate. Thus, for example, at a deformation 
rate Vy> hydrogen brittleness is not displayed over the entire temperature in- 


terval if the hydrogen content is less than Ch. 


If the hydrogen concentration is greater than C the temperature range of 


1? 
hydrogen brittleness increases with rising hydrogen content. As the deforma- 
tion rate increases, the hydrogen concentration at which hydrogen brittleness 
begins to be observed rises, and the brittleness temperature range becomes 
smaller. 


Such are the basic assumptions of the dislocation theory of hydrogen brit- 
tleness. The following question arises: How closely do they agree with the ex- 
perimental data? We illustrate (fig. 3) the dependence of the transverse con- 
traction of the alloy Ti 140A (2 percent Fe; 2 percent Cr; 2 percent Mo) on the 
temperature of the tests for various displacement rates of the cross-bars of 
the rupture-test machine (ref. 4). The qualitative agreement of the behavior 
of hydrogen-saturated titanium alloys predicted by the theory with the experi- 
mental data is unquestionable. 


The same data make it possible to carry out an approximate but quantitative 
verification of the proposed theory. If it is assumed in accordance with Haynes 


(ref. 5) that p = 41011 aynes/em“, r = 1.5*107° em, b = 3-1078 cm, and ¢ = 0.04, 


] i 
J i 
w 
 p 
a 8 
OO 49 
oO 4 

i) 
Y 2, 
5 
od 20 
> Oo 
4 5 
wo 
4 
4 g 

-2Z00 -750 —-1U0 


Temperature, °C 


Figure 3. Dependence of the transverse contraction 
of Ti 140A on the testing temperature at various 
deformation rates: 1, 25.4 mm/min; 2, 12.7 mm/min; 
3, 6.35 mm/min; 4, 2.54 mm/min; 5, 1.27 mm/min; 


6, 0.64 mm;min; 7, 0.13 mm/min. 
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then A= 6.5:107- erg cm. The dislocation density p in annealed metals is of 


the order of 10° om” ©. Thus, the only remaining unknown quantities in equation 
(3) are Dy and Q. From reference 5 it follows that the activation energy of 


hydrogen diffusion in the B phase of the alloy Ti 140A in the temperature range 
of -120 to +50° is approximately 3000 cal/mole. Assuming the diffusion coeffi- 
cient of hydrogen in the B phase of the alloy Ti 140A at room temperature to be 


the same as in the alloy Ti-4 percent AL-4 percent Mn, namely 1.9°1077 om“/sec, 
we find Dj, and for the critical rate of relative deformation we obtain the 


formula 


1500 
v= 48-1078 9te T 1/min. 


For dislocation densities of 0.5°10°, 0.75+10° and 108 em” *, this equation 
is represented graphically (fig. 4). The same graph shows the temperatures at 
which the plasticity of the alloy Ti 140A begins to decrease at various deforma- 


tion rates. 


Further, if it is assumed that ry = 1.5+107° cm and b = 3-1078 cm, the 
maximum bond energy U,,, turns out to be 0.093 eV. In this case, equation (1) 


assumes the form shown graphically in figure 5. The same graph shows the 
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Figure ). Temperature of the start of decrease in 
plasticity I, versus deformation rate Va for alloy 


Ti THOA: 1, p = 0.5+10° em-2; 2, p = 0.75-108 om™2; 
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3, p= 10 cm e, ©, experimental points. 
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Figure 5. Temperature of the start of 
restoration of plasticity T,) versus hy- 


drogen content for the alloy Ti LHOA: 
Ly Umax = 0-1 V3 2, Unay = 0.09 eV; 


3, Umax = 0-08 eV; 4, experimental curve. 


expected curves for bond energies from 0.08 to 0.1 eV, and gives temperatures 
corresponding to the sharp minimum on the "cross section-testing temperature" 
curves for the alloy Ti LOA with various hydrogen contents. 


Since the article gives a very approximate calculation which includes a 
number of simplifications, due particularly to the fact that not all the physi- 
cal quantities are known in the temperature interval of interest, it should be 
recognized that the agreement between the proposed mechanism of reversible hy- 
drogen brittleness of the second kind and the experimental data is fully satis- 
factory. It may be assumed that a further development and refinement of the 
dislocation theory of hydrogen brittleness will permit a more rigorous quanti- 
tative interpretation of the observed experimental facts. 


Summary 


1. <A dislocation theory of hydrogen brittleness developing at low deforma- 
tion rates is proposed, based on the assumption that on the dislocations, hy- 
drogen forms Cottrell atirospheres which are entrained by the dislocations over 
a certain temperature range. The dislocations transport the hydrogen toward 
the grain boundaries, causing the appearance of hydrogen segregations which 
facilitate the generation and propagation of cracks. 


2. This theory makes it possible to account for the basic regularities 
involved in the hydrogen brittleness of a@ + 6 alloys: 
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a. Increase in their tendency toward hydrogen brittleness with an increase 
in hydrogen content, decrease in temperature, and decrease in the deformation 
rate; 


b. Intercrystalline character of the failure; 


ec. Increase in the temperature of the transition from viscous failure to 
brittle failure with increasing hydrogen content. 


3. The relationships predicted by the dislocation theory of hydrogen 
brittleness are in satisfactory agreement with the experimental data for the 
alloy Ti 140A. 
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EFFECT OF ALLOYING ON THE PHYSICOCHEMICAL PROPERTIES OF TITANIUM 


S. F. Kovtun and R, A. Ul'yanov 


Because of their high strength, low density, and high corrosion resist- 
ance, titanium and its alloys are finding increasingly wider applications in 
technology. 


In addition to the study of the mechanical properties of titanium-base 
alloys, the investigation of the physical properties of these alloys, partic- 
ularly the electrical resistivity and coefficient of linear expansion, are of 
scientific and practical interest. 


In the present work, a study was made of the influence of a series of 
additions on the variation in the electrical resistivity and coefficient of 
linear expansion of titanium and also its oxidizability. The additions used 
were elements contained in mass-produced Soviet alloys (aluminum, chromium, 
molybdenum) as well as elements which thus far have not been used for alloying 
but which can be employed to raise the high-temperature strength (rhenium, 
tantalum, iridium), the chemical stability (palladium, beryllium) and to im- 
prove the technological properties (lanthanum). The alloys were prepared by 
melting in an are furnace with a nonconsumable electrode in an atmosphere of 
syeon which was first purified by being passed through molten lithium (ref. 
1). 


The starting materials used were titanium sponge TGO, aluminum AOO, 
electrolytic chromium, 99.9 percent pure rhenium, and other elements of high 
purity. 


In order to achieve a uniform distribution of the alloying elements in 
the ingots, the alloys were remelted at least 5 times. To avoid the evapora- 
tion of volatile components during melting (chromium, lanthanum, etc.), the 
argon pressure in the arc furnace was raised to the atmospheric value and 
higher, After the melting, the alloys were rolled into rods on a vacuum roll- 
ing mill; this caused an additional degassing of the metals and prevented 
their oxidation (ref. 2). Prior to the investigation, the specimens prepared 
from the rods were vacuum-annealed for 40 hours at 1200°. 
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Electrical Resistivity of the Alloys 


The electrical resistivity of the alloys was studied in the temperature 
range of -195 to 12509. The resistivity was measured by the compensation method 
in a vacuum unit with a residual pressure in the working chamber no higher than 


1°107? mm He. The measurements established that as the temperature rises from 
-195° to about 350-009, the change in the resistivity of both iodide and tech- 
nical titanium (fig. 1) was linear. 


As the heating increased further, the temperature coefficient of the elec- 
trical resistivity, while remaining positive, decreased in magnitude as the 
temperature rose. This may be explained by the fact that in transition metals, 
which include titanium, the number of s electrons passing into the d orbital de- 
creases with rising temperature, and the relation p = f(t) deviates from line- 
arity (ref. 3). 


In both technical and iodide titanium, the electrical resistivity de- 
creases sharply at 882° due to a polymorphic transformation. In iodide titanium, 
the temperature range of the transformation is no greater than 6 to 10°, and in 
technical titanium it widens to 20° owing to the presence of impurities. 


As the temperature is raised further, the resistivity of both iodide and 
technical titanium increases, but the temperature coefficient of the resistivity 
of B-Ti is considerably smaller than that of q-Ti. 


The value of the resistivity of iodide and technical titanium and the 
character of their temperature dependence are in agreement with the data of 
reference }, 


The investigations showed that the effectiveness of the influence of al- 
loying elements on the hardness and electrical resistivity of titanium (fig. 2) 
follow the same pattern as in the case of metals of the cubic system. At the 
same atomic concentration, a greater increase in hardness and resistivity is 
produced by alloying elements whose atomic diameters differ more strongly from 
the atomic diameter of titanium, independently of the type of the crystal 
lattice. The only exception is lanthanum, which causes a less pronounced increase 
in hardness and resistivity; this may be due to its deoxidizing effect. Lanthanun, 
which has a great affinity for oxygen, rids titanium of a certain amount of its 
impurities. | 


It follows from the graphs of figures 3 and 4 that the alloying of titanium 
causes an increase in the electrical resistivity and changes the temperature and 
range of the a ~ 6 transformation. Among the investigated metals at equal con- 
centrations, the greatest increase in resistivity is produced by aluminum, rhe- 
nium, and chromium. The lesser increase in resistivity upon alloying with 
molybdenum may be due to the presence of the B phase. The graphs also show 
that both in the alloys and in pure titanium, the temperature coefficient of 
electrical resistivity decreases with the temperature, and this decrease is more 
pronounced the higher the content of the alloying element. 
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Figure 1. Temperature dependence of electrical 
resistivity: 1, iodide titanium; 2, technical 
titanium. 
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Figure 2. Effect of alloying elements on the hardness (a) and 
electrical resistivity (b) of titanium at 20° 


At temperatures from -196 to 200°, the higher the content of chromium in 
the alloy, the more it raises the electrical resistivity of titanium. At higher 
temperatures, the resistivity of the alloy with } wt percent Cr (3.6 at. percent) 
is found to be smaller than in the alloy with 2 wt percent Cr, which may be due 
to the presence of a eutectoid in the alloy, or more probably of the chemical 
compound Ticr,, which enters into the eutectoid. 


In the region of the B phase, the increase of resistivity in alloys with 
2 percent Cr, and particularly in the alloy with 4 percent Cr, is considerably 
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Figure 3. Temperature dependence of the electrical resistivity of al- 
loys of titanium with aluminum, molybdenum, and chromium: a, alloy Ti- 
Al (1, 6 percent Al; 2, VT5; 3, 4 percent Al; 4, 2 percent Al; 5, TGO); 
b, alloy Ti-Mo (1, 4 percent Mo; 2, 2 percent Mo; 3, TGO); c, alloy 
Ti-Cr (1, 4 percent Cr; 2, 2 percent Cr; 3, TGO); d, alloy of the sys- 
tem Ti-Al-Mo-Cr (1, 5 percent Al + 2 percent Mo + 2 percent Cr; 2, 2 
percent Al + 2 percent Mo + 2 percent Cr; 3, TGO). 


less than in the region of the q phase. Molybdenum and chromium lower the 
temperature of the q@ > 6 transformation, while aluminum raises it. Apparently, 
the widening of the a ~ B region upon alloying with aluminum which we observed 
is due to the influence of oxygen and nitrogen, which are present in technical 
titanium in larger quantities than in the iodide titanium used to plot the 
Ti-Al phase diagram in reference 5. 


Complex alloying leads to an increase in resistivity over the entire range 
of -196 to 1250°. The resistivity of the alloys of the system Ti-Al-Mo-Cr is 
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Figure 4. Temperature dependence of the electrical resistivity 
of electrolytic alloys of titanium with rhenium, tantalum, 
palladium and lanthanum: a, alloy Ti-Re (1, 3 percent Re; 2, 1 
percent Re; 3, 0.7 percent Re; 4, 0.4 percent Re); b, alloy 
Ti-Ta (1, 13 percent Ta; 2, 6.5 percent Ta; 3, 1.7 percent Ta; 
4, TGO); c, alloy Ti-Pd (1, 2 percent Pd; 2, 0.8 percent Pd; 

3, 0.2 percent Pd; 4, TGO); d, alloy Ti-La (1, 2.2 percent La; 
2, 1.8 percent La; 3, 1 percent La; 4, 0.4 percent La). 


higher than in binary alloys, particularly at room temperatures and negative 
temperatures. The temperature of the start of the qa ~ B transformation in com- 
plex alloys decreases, and the transformation range expands to 200-3009 instead 
of the 20° for technical titanium. When up to 1 wt percent rhenium is added, 
it raises the resistivity over the entire temperature range. It stabilizes the 
B phase by decreasing the temperature of the q ~ B transformation and extending 
the a~@ + B region, as was found earlier by other methods of investigation (ref. 
6). At 3 wt percent Re, the resistivity of the alloy also increases with the 
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temperature, but less than in pure titanium and in alloys with a low rhenium 
content. For this reason, at temperatures above 350°, owing to the presence of 
the B phase, the resistivity is less than in alloys with a rhenium concentra- 
tion up to 1 wt percent and even less than in pure titanium. 


When titanium is alloyed with tantalum (up to 10 wt percent), the resistiv- 
ity changes insignificantly over the entire temperature range. At temperatures 
above 600°, the alloys of the system Ti-Ta have a lower resistivity than tech- 
nical titanium. Tantalum lowers the temperature of the q ~ 6 transformation 
appreciably. 


In alloys of titanium with palladium, the resistivity increases over the 
entire temperature range as the palladium content rises. Palladium lowers the 
temperature of the a ~ B transformation by stabilizing the 8B phase.t Lanthanum 
slightly increases the resistivity of the allovs over the entire temperature 
range. Lanthanum also slightly increases the temperature of the polymorphic 
transformation of titanium, as was established earlier by other methods of 
investigation. 


Thermal Expansion 


The coefficient of linear expansion of the alloys was measured by means of 
a vacuum dilatometer having a reading scale with a precision of 0.002 mm. The 


vacuum was maintained at 1-107 mn He at all temperatures. Graphs of the elonga- 
tion per unit length were plotted by taking into account the expansion of the 
quartz of the dilatometer. 


Results of the measurements showed that the dilatometric curves of iodide 
and technical titanium (fig. 5) coincide up to 800°. 


At the temperature of the phase transformation there is observed a distinct 
inflection indicating a change in the coefficient of linear expansion associated 
with the transformation to the B phase. 


In accordance with the graph, the temperature dependence of the linear ex- 
pansion in the range from zero to 700° is expressed by the formula 


ly =l,(1 + at + Be?), 


-6 


where q! = 8.0°10°~, B = 2.7°1077, and t is the temperature in °c, 


In the indicated temperature range, the coefficient of linear expansion 


-6 


a = 8.0-107° + 5.41077 +. 


lat a content of O.4 wt percent Pd, the resistivity of the alloy increases 
irregularly over the entire temperature range. 
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According to Gruneisen's equation, the breakdown of the crystal lattice 
(fusion) of pure metals occurs at temperatures at which the volume increases by 
6 percent over the volume at absolute zero. Hence, the lower the melting point 
of the metal, the higher the coefficient of linear expansion, since in this 
case a 6 percent increase in volume takes place over a narrower temperature 
range, from absolute zero to the melting point. 


When titanium is alloyed, the change in the average coefficient of linear 
expansion depends primarily on the content of the alloying elements (fig. 6). 
The higher the concentration of the alloying element, the greater is the change 
in the coefficient of linear expansion. 


On alloying with chromium, aluminum, lanthanum and palladium, the coeffi- 
cient of linear expansion of the alloys increases, while tantalum, molybdenun, 
and particularly rhenium decrease this coefficient. Rhenium, tantalum, chromium 
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Figure 5. Dilatometric curves of iodide (1) and 

technical (2) titanium and temperature dependence 
of the medium (0-400°) coefficient of linear ex- 

pansion of titanium. 
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Figure 6, Effect of alloying elements on the medium coefficient 
of thermal expansion of titanium in the range of 0-}00°. 
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and molybdenum have a lower coefficient of linear expansion than titanium, 
While in palladium and aluminum, this coefficient is higher than in titanium. 


The change in the coefficient of linear expansion upon alloying is chiefly 
determined by the relation of the coefficients of linear expansion of the base 
of the alloy to that of the alloying elements. This is probably what causes the 
increase in the coefficient of linear expansion of titanium on alloying with 
chromium, whose coefficient is smaller than that of titanium. In addition, the 
average coefficient of linear expansion is affected by the phase composition of 
the alloys (at the concentrations studied, the alloys with chromium may contain 
the chemical compound TiCr,). 


In a study of the effect of alloying on the coefficient of linear expan- 
sion, it was noted that when the alloys were heated to temperatures above those 
of the phase transformations and subsequently cooled, a residual change in the 
length of the specimens took place (at thermal cycles below the temperature of 
phase transformations practically no change in the length of the specimens was 
observed. Since no data on titanium are given in works devoted to the influ- 
ence of thermal cycles on metals and alloys (refs. 8 and 9), it appeared in- 
teresting to carry out these investigations. 


The measurements showed that the most effective change in length was dis- 
played by specimens of alloys of titanium with molybdenum, although small 
changes were noted in specimens of pure titanium and its alloys with chromiun, 
aluminum, palladium, tantalum and other metals. The specimens were heated and 
See [mi in a vacuum. The heating rate was 1 deg/min, and the cooling rate, 18 
deg/min. 


The heating curves of all the cycles at the phase transformation tempera- 
ture (about 880°) clearly show an inflection indicating a decrease in the co- 
efficient of linear expansion of the B phase (fig. 7). When the alloy is 
cooled from 1000° to the phase transformation temperature, the cooling curve 
coincides with the heating curve. At the temperature of the phase B ~ q@ trans- 
formation, the cooling curve shows an abrupt contraction in the length of the 
specimen (0.02-0.03 percent), due to a decrease in volume as a result of the 
shift into the region of the q@ phase. The heating and cooling rates employed 
give rise to a certain temperature gradient along the cross section of the 
samples, and the qa ~ B and B ~q@ transformations encompass successive layers 
of the material, moving from the edge to the center, 


The difference in the atomic volume of the q@ and 6 phases in the specimen 
gives rise to stresses which relax following plastic flow, and this accounts 
for the deformation, 


Since the atomic volume of the q@ phase is less than that of the B phase, 
then during heating, the upper layers by changing into the B phase have a 
greater volume and tend to expand the part of the specimen in the qa phase. 


On cooling, the upper layers, which assume the structure of the qa phase, 
contract the inner portion of the specimen in the B phase. Since the tempera- 
ture gradient along the cross section of the specimen is greater during cooling 
than during heating (the cooling rate is higher than the heating rate), then 
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Figure 7. Series of dilatometric curves 
of the alloy Ti-Mo (2 wt percent Mo). 


even if one assumes the same yield point of the qa and B phases at the trans- 
formation temperature, the contracting stresses on cooling will be greater than 
the expanding stresses on heating. For this reason, the length of the titanium 
alloy decreases irreversibly on slow heating and fast cooling (fig. 7). Another 
cause of the deformation of titanium and its alloys may be the phase transforma- 
tions which take place in the metastable B solid solutions in the investigated 
alloys during cooling (from the formation of q! and w phases to equilibrium 
structures). The increase in the stability of the B phase during cooling is 
obviously the reason for the greater (five-fold) deformation of specimens of 
alloys of the system Ti-Mo as compared to the deformation of specimens of tech- 
nical titanium (fig. 8). <A magnitude of the same order as in the alloy of the 
system Ti-Mo is observed in specimens of pure zirconium and iron. 


Oxidizability of Alloys at High Temperatures 


In addition to studying the physical properties of the alloys, it appeared 
interesting to investigate the influence of the alloying elements on the oxidiz- 
ability of titanium and depth of diffusional saturation of the metal by gases 
in the course of the oxidation. The oxidizability of the alloys was studied 
primarily by determining the increase in weight following intermittent exposures 
to the testing temperature. 


When titanium is alloyed with aluminum, the oxidizability of the alloys at 
800° increases with rising aluminum concentration (fig. 9). At 900°, the oxi- 
dation rate of the alloys decreases with rising aluminum content, but remains 
above the oxidation rate of titanium. Obviously, the decrease in the oxida- 
tion rate is caused in this case by a change in the composition of the oxide 


128 


Al ty 50 700 750 Nf 


Figure 8. Dependence of the dimensions of metal 
specimens on the number of cycles (for titanium 
and the alloy Ti-Mo, a temperature range of 1000- 
20°, and for zirconium and iron, 1000-250°): 

1, titanium TGO; 2, alloy Ti-Mo; 3, iodide zir- 
conium; 4, "armco" iron. 
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Figure 9. Oxidizability of alloys of titanium with aluminun, 
chromium, and molybdenum at 800 and 900°: a, t = 800° (1, & 
percent Cr; 2, 2 percent Cr; 3, 6 percent Al; 4, 2 percent Mo; 
5, 4% percent Al; 6, Ti; 7, 2 percent Mo); b, t = 900° (1, 4 per- 
cent Cr; 2, 2 percent Cr; 3, 6 percent Al; 4}, 4 percent Al; 

5, 4 percent Mo; 6, Ti; 7, 2 percent Mo). 


film and its sintering. The change in the chemical composition of the oxide 
film is indicated by data of the chemical analysis of the scale on a titaniun- 
aluminum alloy (ref. 10) and also by an appreciable increase in the stability 
to oxidation of an alloy with 15 percent Al at 700° (ref. 11). 
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The oxidation rate of alloys of the system Ti-Mo at 800 and 900° is close 
to the oxidation rate of technical titanium. The influence of molybdenum addi- 
tions on the oxidizability of titanium did not show any definite regularity. 


Alloying with chromium causes an appreciable increase in the oxidation rate 
of the alloys at 800 and 900°. The oxidation rate increases with rising chro- 
mium concentration. Experimental data on the influence of chromium, aluminum 
and molybdenum on the oxidizability of titanium are in agreement with the data 
of references 10 and 11. 


The alloying of titanium with tantalum and particularly lanthanum (fig. 
10) causes a rise in the oxidation rate at 8009, which increases with rising 
concentration of these elements. 


Alloying of titanium with palladium and rhenium has a favorable influence 
on the protective properties of the oxide film. The oxidation rate of alloys 
of titanium with palladium during the initial stage of oxidation is somewhat 
greater than that of pure titanium, but later, owing to the better protective 
properties of the oxide film, it decreases. The oxidation rate of alloys con- 
taining 0.4 wt percent Pd remains less than that of titanium over the course 
of the entire period of oxidation. At low rhenium concentrations, the oxidiz- 
ability of the alloys is somewhat greater than that of pure titanium. However, 
at concentrations as low as 3 wt percent Re, the oxidation rate becomes ap- 
preciably lower than that of pure titanium. From an analysis of kinetic oxida- 
tion curves plotted for pure titanium and an alloy of titanium with 3 wt per- 
cent Re it follows that, in contrast to the curve for the oxidation of pure 
titanium (fig. 11), the oxidation curve of the alloy does not show any appre- 
ciable scatter of the experimental points, indicating a more uniform oxidation 
process. The main weight increase occurs during the first hour (0.2 me /em=). 
During the next two hours, the weight increase is only 0.05 mg/cm°. 


In contrast to titanium, on which there is formed a yellowish film which 
peels off readily, the alloy of titanium with 3 wt percent Re becomes coated 
with a steel-colored film which adheres fairly well to the metal. The change 
in the color of the oxide film indicates an appreciable degree of penetration 
of rhenium into the scale. The film did not peel off after the samples were 
exposed to 800° for 72 hrs. 


According to Wagner's theory, the oxidation rate during alloying may be 
reduced by decreasing the number of defects in the lattice of the scale, 
Titanium dioxide is an anion-deficient oxide, and titanium is oxidized owing 
to the diffusion of oxygen through the oxide layer; the front of the reaction 
is located at the oxide-metal phase boundary (ref. 12). In this case, the 
introduction of ions with a higher valence (above four) should decrease the 
concentration of the oxygen vacancies and the oxidation rate, while on the con- 
trary, the addition of ions of lower valence should increase the concentration 
of oxygen vacancies and the oxidation rate. The increase in the oxidation rate 
upon alloying with chromium, aluminum, and lanthanum, and decrease in the oxi- 
dation rate on alloying with rhenium are in accord with Wagner's theory, but 
the latter is contradicted in the case of alloying with tantalum and | 
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Figure 10. Effect of alloying with tantalum, lanthanun, 
palladium and rhenium on the oxidizability of titanium 
at 800°: 1, 3 percent La; 2, 1.8 percent La; 3, 0.5 per- 
cent Re; 4, 0.5 percent La; 5, 1 percent Re; 6, Ti; 7, 3 
percent Re; 8, 13 percent Ta; 9, 5 percent Ta; 10, 3 per- 
cent Pd; 11, 0.6 percent Ta; 12, 1 percent Pd; 13, 0.4 
percent Pd. 
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Figure ll. Kinetic curves of oxidation of 
titanium and the alloy Ti + 3 percent Re. 


molybdenum. The disagreement with Wagner's theory in the case of: alloying 
with tantalum and molybdenum is apparently due to a slight penetration of these 
elements into the scale. 


Alloys of titanium and rhenium deserve particular attention. Rhenium is 
a stabilizer of the B phase (ref. 13), raises the hardness and strength of the 
alloys considerably, as well as the recrystallization temperature (ref. 14). 


We have established that rhenium is very effective in preventing the 
growth of grains when the metal is heated (fig. 12) and slows down the diffusion 
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When titanium is oxidized, in addition to the formation of the oxide film, 
the surface layer of the metal becomes saturated with oxygen and nitrogen,. and 
this causes an appreciable increase in the hardness of the metal and a decrease 
in its plasticity. 


For this reason, it was interesting to study the influence of alloying 
elements on the diffusion of atmospheric gases into the metal. 


The study was carried out by measuring the microhardness (at a load of 
50 g) along the direction from the surface to the center of the samples fol- 
lowing oxidation at 800° for 72 hrs. 


It was found that in alloying with tantalum and lanthanum, the depth of 
oxygen diffusion into the metal increases as the concentration of the alloying 
element rises (fig. 13). Palladium has little effect on the depth of oxygen 
diffusion. It is characteristic that the alloy with 0.4 wt percent Pd is dis- 
tinguished by a great hardness. Earlier, an abnormally high electrical re- 
sistivity and a high oxidation resistance were observed in an alloy of this 
composition, The microstructure of the alloy has a characteristic "basketlike" 
structure. 
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Figure 13. Variation in microhardness (measured with a 

PMT-3 instrument at a load of 50 g) in the alloys: a, Ti-Ta 
(1, 10 percent Ta; 2, 5 percent Ta; 3, 1 percent Ta; 4, O per- 
cent Ta); b, Ti-Pd (1, 0.4 percent Pd; 2, 3 percent Pd; 3, 1 
percent Pd; 4, 0.1 percent Pd); c, Ti-Re (1, 3 percent Re; 

2, 1 percent Re; 3, 0.5 percent Re; 4, 0.2 percent Re); d, 
Ti-La (1, 3 percent La; 2, 0.5 percent La; 3, 0.1 percent La). 
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A more pronounced decrease in the depth of diffusion of gases into the 
metal is observed when titanium is alloyed with rhenium. It is apparent from the 
graph that the depth of the diffusion layer decreases with rising concentration, 
and is less than 0.1 mm at a content of 3 wt percent Re (for iodide titanium, 
~O.4 mm). Since it is somewhat difficult to insure a sufficient high-temperature 
oxidation resistance of the alloys during the alloying, we investigated the pos- 
sibilities of obtaining protective coatings on titanium and its alloys by clad- 
ding, particularly since electrolytic coatings and coatings obtained by 
diffusional saturation have not produced satisfactory results thus far (refs. 
15-18). Such coatings could give protection not only against oxidation but 
also against the action of oxygen-containing media (refs. 19, 20). 


The cladding process was carried out in a vacuum; this not only excluded 
the formation of oxides and nitrides on the contact surfaces, but also promoted 
the removal of gases "trapped" by the cladding metal and desorbed at a high 
temperature. Thus, when the joint deformation of the metal and coating is suf- 
ficiently high, forces of atomic interaction arise between the metal and the 
coating, and high temperatures promote diffusion processes with the formation 
of a zone of interdiffusion. The investigations showed that in the joining of 
metals with the same or a different base but a sufficient solubility in the 
solid state, diffusion welding takes place when the total reduction of area is 
only 15 percent (ref. 22). This is illustrated by the dependence of the strength 
of copper and zirconium coatings on titanium (fig. 14), i.e., coatings of metals 
which in their chemical nature and melting points differ sharply from titanium. 
Zirconium forms continuous solid solutions with titanium, whereas the mutual 
solubility of copper and titanium is very low. The bonding strength of both 
coatings increases with increasing reduction in area. The final bonding strength 
is determined by the structure of the intermediate layer. However, the investi- 
gations showed that even when intermetallic phases are formed in the contact zone 
(particularly, in the Cu-Ti system), because of the small thickness of the con- 
tact zone and the simultaneous presence of a solid solution in this zone, the 


bonding is sufficiently strong, since it permits deformation and multiple bends 
without peeling. 


&G 
a 
to 
a 4G 
oc 
Bd 
wy ™ 
so 29 
3 xz 
w 
°c 
v0 


20 44 60 
shrinkage, percent 
Figure 14. Adhesive strength of certain coatings 
on titanium versus shrinkage: a, Ti-Zr, rolling 
temperature, 880° ; b, Ti-Cu, rolling temperature, 


780°. 
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Summary 


1. When titanium is alloyed in the region of solid solutions, the change 
in hardness and electrical resistivity at temperatures from -196° to the tem- 
peratures Of phase transformations is determined by the relative atomic diam- 
eters and chemical nature of the alloying elements. Elements with a greater 
difference in atomic diameters and chemical properties at the same concentra- 
tions cause a greater increase in hardness and electrical resistivity. 


2. As the temperature is raised, the temperature coefficient of the 
electrical resistivity of titanium and its alloys increases in magnitude while 
remaining positive. The decrease in the coefficient of linear expansion of 
the alloys is more pronounced the higher the concentration of the alloying 
elements. 


3. Alloying elements in concentrations soluble in the a@ phase with a 
coefficient of thermal expansion smaller than that of titanium decrease the 
coefficient of thermal expansion of the alloys, while alloying elements with 
a coefficient greater than that of titanium increase this coefficient. 


4, At thermal cycles encompassing the region of phase transformations, an 
irreversible change in shape takes place in titanium and its alloys as a result 
of the relaxation of the stresses arising during the phase transformation. 

D>» Chromium, tantalum and lanthanum markedly increase the oxidation rate 
of titanium at 800°. Palladium in small concentrations and rhenium have a fav- 
orable effect on the protective properties of the oxide film at this tempera- 


ture. Rhenium substantially decreases the oxidation and depth of diffusion of 
the gases into the metal. 
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DETERMINATION OF THE CHARACTERISTICS OF THE INTERDIFFUSION OF TITANIUM 
AND MOLYBDENUM FROM THE ATTENUATION OF y RADIATION 


A. Ya. Shinyayev, V. O. Akopyan, L. F. Sokiryanskiy 
and I. V. Bogolyubova 


The study of the interdiffusion of titanium and molybdenum is of great 
theoretical interest, since these metals differ strongly in physical properties, 
and this may substantially affect the diffusion process. Furthermore, the 
study of this problem is of great practical interest. In reference 1 it was 
shown that in order to obtain a good adhesion between a molybdenum coating and 
titanium and its alloys, the formation of diffusion layers is necessary between 
the base metal and the coating, and the bonding strength is directly related 
to the thickness and structure of these layers. For this reason, a rational 
selection of the temperature conditions for applying the coating (this insures 
the creation of a diffusion zone of definite thickness) and the knowledge of 
the characteristics of the structure of the diffusion zone made it necessary to 
study the rate of interdiffusion between titanium and molybdenum. The material 
used to prepare the samples was titanium obtained from titanium sponge TGOO by 
double fusion in a vacuum electric arc furnace with the use of a consumable 
electrode and cast molybdenum. After preliminary stripping, titanium rods 18 
mn in diameter were subjected to homogenizing annealing for 6 hrs at 1250°. The 
annealed rods were used to prepare samples in the shape of beakers; a molybde- 
num plug 8 mm in diameter and 12 mm long was pressed into the opening of these 
samples. Prior to the pressing, the samples were degreased in benzene or 
carbon tetrachloride. The homogenizing of the samples was carried out in a 
vacuum at temperatures of 905, 1005, 1100, 1111 and 1210° with a holding time 
of 7-240 hrs. 


At the first stage of the experiments, in order to study the interdiffusion 
between titanium and molybdenum, the microhardness was measured and the micro- 
structure of the diffusion layers was examined. However, these methods did not 
permit the determination of the extent of the diffusion zone. The values of 
the microhardness associated with a change in the concentration of the titanium 
and molybdenum components differ only slightly, so that practically no diffu- 
Sion zone is observed. The diffusion zone of Ti-Mo does not show up in the 
microstructural analysis either. 


In the present work, in order to determine the concentration of titanium 


and molybdenum in the diffusion zone, use was made of a new method based on the 
principle of attenuation of the intensity of a narrow beam (10-15 wu wide) of vy 
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radiation passing through various microsections of the zone. Details of this 
method and certain features of the apparatus used to perform the analysis of the 
diffusion zone are described in reference 2. 


In order to study the diffusion layers by this method, plates 1.5-2.0 mm 
thick were cut from the annealed specimens and reduced to a thickness of 75-150 
u by plane-parallel grinding. The specimen was mounted on a special base con- 
nected to a series of micrometer screws parallel to the working slit emitting a 
beam of radioactive radiation. The device was used to determine the curves of 
the attenuation of y ray intensity in passing from molybdenum to titanium over 
the entire diffusion zone every 5wu. Let us examine a typical curve for a 
specimen annealed at 1100° for 40 hrs (fig. 1). It is apparent from the figure 
that in passing from titanium to molybdenum, the radiation intensity changes by 
a factor of no less than 15. This makes it possible to carry out the analysis 
for the content of titanium and molybdenum in each segment of the zone with 
great precision. 


The relation between the degree of absorption of y radiation, given by the 
ratio of the intensity of y radiation which has traversed the section of the 
specimen under consideration to the original intensity of the incident radia- 
tion, and the concentrations of the components of the binary system may be de- 
rived from the following system of equations: 


aM) 2+ pale) ®,) 

(©) = py (Z) Pi + Po (2 Don | 

pi(t)+ pa(e)=1, | (1) 
) 


{ 7 
p(x) = py — 5 In m, 


es (2) = 200 -2 


where is the linear absorption coefficient, ont; Pp is the density, g/om; 
p is the weight fraction of the component; c is the concentration of the com- 
ponent, at. percent; I is the counting rate, cpm; b is the thickness of the 
specimen, cm; x is the position of the microsection being analyzed relative to 
the diffusion zone, 
Subscripts 1 and 2 pertain to pure titanium and molybdenum, respectively. 
By solving system (1) with respect to the concentration c, (x) after sub- 
stituting the values of the absorption coefficients uw and density of the com- 


ponents p (Urs = 9h emt; ig = 355 emt; Ppy = 4.505 g/om>; Puo = 10.22 g/cm>) 


we obtain the following equation for determining the titanium concentration as 
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Figure 1. Change in the intensity of 
vy radiation passing through the diffu- 
sion zone from titanium to molybdenum. 


a function of the intensity of the radiation passing through each segment of 
the specimen whose position is given by the coordinate x: 


9.1 V tong Lee 
28.01 — 104.2 — * Ins (*) 


A nomogram (fig. 2) for use in the calculations was constructed on the 
basis of this equation. 


The results of the measurement of the titanium concentration (the molyb- 
denum concentration was the balance adding up to 100 percent) in all the in- 
vestigated specimens were expressed as the graphical dependence of this concen- 
tration on the distance in the diffusion zone. As an example, a curve of this 
type is illustrated for a specimen annealed for 40 hrs at 11009 (fig. 3). 


From the data obtained for the distribution of the diffusing elements, one 
can calculate the coefficients of interdiffusion from the familiar Boltzmann 
formula 


¢ 


; 1 dv * 
Dinter == Or Ue \ de. 


ar (3) 


The Matano graphical method usually employed in such calculations is very 
cumbersome and has some important disadvantages. This method is applicable only 
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Figure 2. Nomograph for determining the concentration 
of the components from the absorption of y radiation. 
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Figure 3. Distribution of the 
concentration of the component 
and the diffusion zone. 


to the complete curve of concentration versus depth of penetration of the 
components. The plotting of such a curve involves considerable experimental 
difficulties. Thus, at a specimen thickness of over 100 yu, the y radiation is 
attenuated very strongly in the molybdenum portion of the specimen, resulting 
in a sharp decrease in the sensitivity of the method, while at a specimen thick- 
ness of approximately 140 », the y radiation is almost completely absorbed by 
the specimens. At the same time, specimens 100-150 uw thick are fully adequate 
for the establishment of a distribution of the components in the titanium por- 
tion of the diffusion zone. However, it does not seem possible to calculate 
graphically the values of the diffusion constants in the titanium region alone 
in this case. Furthermore, the graphical method has another serious drawback: 
its precision at the end segments of the diffusion zone on both sides decreases 
sharply owing to a large error in the graphical differentiation. 
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In order to avoid these drawbacks in the calculation of the diffusion con- 
stants, use is made in the present work of an analytical method of calculation 
based on a linearization of the experimental concentration curve in a probabil- 
ity grid (ref. 4). The concentration curve taken from figure 3 is shown in this 
erid (fig. 4). 


The concentration scale corresponds to the equation 


0 . -2\ > 
eq (x) =F \ exp (—z ) dz. (1) 


Along the vertical on the right side of figure 4 is given the scale of 
arguments of the probability integral u. The distance from the cross section 
under consideration to the initial boundary of Ti-Mo is plotted along the ab- 
scissa. The initial position of the phase boundary was determined from experi- 
ments with inert marks and controlled by observing the changes in the thickness 
of the molybdenum coating in the course of the homogenizing. For all the ex- 
periments considered, the concentration dependences in the probability grid 
consisted of segments of straight lines having a common initial ordinate k and 
slopes h, and h, respectively for the titanium Le, (x) > 50 percent] and molyb- 


denum [c,(x) < 50 percent] sections of the diffusion zone. Using equation (4) 
and the linearization condition of the segments of the component distribution 
curve, which can be written in the form of the equation 


u= bx + k, (5) 


one can readily obtain, from expression (3), a formula for the calculation of 
the interdiffusion coefficients: 


| 


Dinter “Gay lit kV 9 (c)), (6) 


where ' w 
(p(c) = Va exp (uv?) \ exp (—u*) du. 


—0o 


The function » (c) takes into account the dependence of the interdiffusion 
coefficient on the concentration of the components (fig. 5). 


Results of calculations of interdiffusion coefficients! (fig. 6) showed 
that at concentrations of 50-90 at. percent Ti, the interdiffusion coefficient 


1, G. Maksimova took part in the calculations. 
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Coefficient of interdiffusion versus 
concentration of components for the titanium 
region; 1, at 905°; 2, at 1100°; 3, at 12109. 


Dsnter remains practically constant for the given temperature. Only at con- 


centrations of 90-98 at. percent Ti is an appreciable increase observed in 
inter’ 


In the molybdenum region( 100-150 percent Mo), the value of Dsnter is inde- 


pendent of the molybdenum concentration. Results of a determination of Dsnter 
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values and of the width of the diffusion zone for the annealing modes investi- 
gated are shown in the table. 


In calculating the values of D by the analytical method one should 


inter 


keep in mind that in the vicinity of 50 percent the value of D shows a dis- 


inter 
continuity because the curve representing the distribution of elements in the 
diffusion zone is approximated by two segments of straight lines in the proba- 
bility grid. That is why the analytical method in the vicinity of 50 percent 
gives a less accurate result than the Matano method. However, the analytical 
method gives accurate values of Dinter at the ends of the diffusion zone, where 


the Matano method is practically impossible to apply. Therefore, in a more de- 
tailed study of interdiffusion, the use of both methods is recommended, since 
they supplement each other. 


As was indicated above, the energy of the y radiation which we used made 
it possible to determine fairly accurately the values of Dsnter in the titanium 


region. Here the accuracy of the measurement of D was 20-30 percent. The 


inter 


parameters of the diffusion process in the Arrhenius equation--activation 


energy Esnter and value of the preexponential factor--were determined from the 


slope of the straight line in the coordinates 1n Djyiey--1/T (fig. 7). 


The value of E. 


inter Obtained was found to be 41 kcal/mole, Dy = 5.6°1079 


em@/sec. 


DIFFUSION CHARACTERISTICS UNDER VARIOUS ANNEALING CONDITIONS 
FOR THE SYSTEM Ti-Mo. 


Coefficient of interdiffusion, 


Temperature Total depth of 2 
On 7 | Time, Br} aiffusion zone, om“ /sec 


905 239.5 1.5-107+° _- 
1100 ho 1.58-1077 7.5+10710 
1111 21 1.621077 1.9+1077 
1210 7.3 5.51079 2,8-1078 
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Figure {. Coefficients of inter- 
diffusion versus temperature for 
the titanium region. 


From these characteristics, using the equation of the temperature depend- 


ence Of the diffusion coefficient Ds ater = Doe RY One can determine the value 


of D. 


inter for any temperature in the B region, 


In the molybdenum region, the density of the radiation passing through the 
specimen decreased sharply, making it difficult to obtain the necessary light 
statistics. For this reason, the accuracy of the measurement of D;,+,., in this 
region was considerably lower. It was found that in the molybdenum region, the 
activation energy was considerably greater than in the titanium region. A more 
accurate analysis of this part of the diffusion zone requires y radiation of 


O.1-0.3 MeV energy. However, in this case the sensitivity of the analysis of 
the titanium region decreases. 


The interdiffusion between titanium and molybdenum at molybdenum concen- 
trations up to 8 at. percent was studied earlier in reference 5. The results 


which we obtained at low molybdenum concentrations are in good agreement with 
the data of this work. 


In conclusion, the authors express their appreciation to Prof. S. S. 


Mozhayev for his cooperation in the execution of the computational part of this 
work. 
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PART II. INTERACTION OF TITANIUM WITH GASES AND 
THE CORROSION PROPERTIES OF ALLOYS 


ON THE REDISTRIBUTION OF IMPURITIES IN TITANIUM 
AND ITS ALLOYS DURING OXIDATION 


N.V. Korolev, S.A. Gorbunov, A. 5S. Bogdanov and G. P. Nadutenko 


In addition to alloying elements, titanium alloys contain impurity elements 
whose quantity depends on the method of preparation and grade of the titanium 
sponge. The purest semifinished product used for melting titanium alloys - 
sponge TGOO obtained by the magnesiothermic method - contains about 0.50% of in- 
purity elements. 


Harmful elements which markedly reduce the mechanical characteristics of 
alloys are oxygen, nitrogen, and carbon. These elements form interstitial solid 
solutions with titanium and, even when present in extremely small amounts (hun- 
dredths and thousandths of one percent) have a harmful effect on a plastic metal, 
changing it into a brittle substance. In addition to the indicated elements, 
undesirable impurities also include silicon, iron and hydrogen. 


The alloys are strongly oxidized in various metallurgical processes (roll- 
ing, forging, heat treatment, etc.). 


The oxidized surface of the specimen is covered with a scale under which 
there is formed a so-called gas-saturated layer which is basically a solid solu- 
tion of oxygen in titanium. 


On the basis of thermodynamic calculations made in order to establish the 
possibility of formation of oxides of impurity elements and titanium, one could 
expect carbon, nitrogen and iron to accumulate in the surface layer of the metal 
as the oxidation time increased. 


The present work was devoted to verifying the possibility of redistributing 
the impurity elements between the surface layers of the bulk of the titanium 
specimen in the course. of oxidation in air. 


Materials and Method 


The study was carried out on specimens (20 x 20 x 20 mm) of technically 
pure titanium VTl1 and some titanium alloys melted with TGO sponge. 


According to TsMITU (Tekhnicheskiye usloviya tsvetnoy metallurgii - Specifi- 
cations for nonferrous metallurgy) 4732-56, the chemical composition of the VT1 
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alloy should be as follows: base, Ti; 0.3% Fe; 0.15% Si; 0.1% C; 0.15% Oo; 
0.015% Ho; 0.05% No; 0.06% Cl. 


In addition to these elements, a certain amount of calcium and magnesium 
(of the order of 0.01-0.02%) and up to 0. 30-0.40% Al were observed in the alloy 
VTi. 


The samples to be tested were oxidized in undried laboratory air in a peri- 
odic weighing unit at temperatures of 800-1200°. The temperature was controlled 
within +5°. After oxidation followed by cooling in air, the scale was removed 
from the specimens, and the latter were used to prepare transverse polished sec- 
tions for the purpose of studying the distribution of microhardness over the 
depth of the gas-saturated layer. The microhardness was measured with a PMT-3 
instrument (at a load of 50 g). 


The emission spectral analysis and in some cases local analysis of the 
specimens were carried out with an instrument described in ref. 1. The analysis 
was performed in a straight pulsed spark with the following parameters of the 
unit: capacity of the working condenser 0.01 UF; charge current of the working 
condenser 8.0 mA; auxiliary gap 1.50 mm; analytical gap 0.75 mm. In the deter- 
mination of nitrogen, use was made of a spark burning in a stream of pure argon 
No. 1 (0.02% O53 0.174 No; 0.01% CO>). To this end, a chamber was prepared 
Which was mounted on the rim of the objective of the microscope and which made 
it possible to blow a uniform stream of argon onto the section under analysis. 
Microelectrodes 0.20 mm thick were made out of electrolytic copper MO. The dura- 
tion of the exposure for the determination of iron, silicon, carbon and magnesium 
was 1 min, and for the determination of aluminum, calcium and nitrogen, 5 sec. 
The following lines were selected for the analytical tests: iron 2755.73/ Il A, 
silicon 2881.578I A, aluminum 3961.527I A, calcium 3968.468I1 A, carbon 2296.89 
TII A, magnesium 2795.53I0 A, nitrogen 3994.995IT A. 


The standards used for the quantitative comparison were specimens of the 
original alloys subjected to oxidation, titanium nitride and carbide, alloy with 
0.2% C, and alloys of titanium with 1.5% Fe, Si and AL, The content of the ele- 
ments in the standards was checked by chemical analysis. 


After a photometric analysis of the plates, the relative intensity of the 
spectral lines of the impurity element was determined with respect to the lines 
of titanium by means of the formulas 


ASy_@ 


SS 


fy=10 ¥ .—14, 


ASTi_@ 


In, =10  —~—4, 


Where Iy and Ip; are the line intensities of the element being analyzed and of 


titanium; AS, _5 and ASp;_§ is the difference in blackening between the lines of 


the impurity element or titanium and the background. 
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The quantitative content of the elements was calculated from the formula 


< __ ( Cx L/L yy 


a Cri/st (As/fri) gt’ 


where c,/cpy and (cy/cepy)54 is the ratio of the amount of the impurity element 
to the amount of titanium in the alloy and standard, respectively; I,/Ip, and 

(I,/Ip;)5+ is the ratio of the intensities of the element being determined to 

the line of titanium in the alloy and in the standard, respectively. 


In the calculations of the amount of nitrogen, account was also taken of 
the nitrogen present in technical argon. When no standards were available for 
certain elements, the change in the amount of the impurity on the surface of 
the specimen as compared to the readings for the unoxidized surface at the cen- 
ter of the transverse polished section was estimated from the difference in the 
ratio of the intensities of the element being determined to the titanium on the 
oxidized surface and at the center of the section. 


Results 


The results of spectral analysis for impurity elements on the outside sur- 
face of gas-saturated layers in specimens oxidized at 800-1200° are show in 
the table below. The depth of the investigated layer was 10-15 uw. According to 
the data of the table, the surface gas-saturated layer on specimens oxidized at 


Testing 
temperature 
1200 0.0 -- 
1200 0.5 -- 
1200 0.7 -- 
1200 . 3.6 -- 
1200 1 3.3 O. O. 1.64 
1200 h 1.7 O. O. 0.66 
1100 h 3.5 O. O. 0.12 
1100 8 1.7 0.3 O. O. -- 
1100 16 3.5 0.35 O. 0. 0.12 
1000 8 0.0 0.04 O. O. 0.16 
1000 16 0.0 0.06 O. O. 0.18 
900 8 0.0 0.05 O. O. 0.16 
900 0.0 0.06 O. O. 0.02 
800 0.0 0.1 O. O. 0.16 
800 0.0 0.14 O. O. 0.02 


Note. Sensitivity of determination: nitrogen, 0. %3; carbon and 
iron, 0.03%; aluminum , 0.1%; Silicon, 0.05%. 
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1100-1200° has a high nitrogen content (up to 3%) and carbon content (up to 1%). 
It is characteristic that the highest quantity of nitrogen was observed during 
the initial period of the oxidation. 


Fig. 1 shows the temperature dependence of the free energy of formation of 
oxides of the impurity elements and of titanium, titanium nitride, and titanium 
carbide, calculated from literature data (refs. 2, 3). The values of the thermo- 
dynamic characteristics lead one to expect an accumulation of nitrogen and car- 
bon in the surface layer because the change AF° for titanium oxides has a much 


27 GZ] 27 1227 7627 = 2027 
b, °C 


Figure 1. Free energy of formation of some compounds of 
titanium and impurity elements versus temperature (based on 
1 g/mole Oo). 


1--Sic; 2--Tic; 3--1/2Fe 20) ; 4--2/3Fe50 35 5--2FeO; 6--25n0; 
7--ATiN; 8--2510; 9--Si0s; 10--Ti0.; 11--2/5T4 205; 12--2/3Ti p03; 
13--2Ti0; Lh--2/ 38150 25 15--2Mg0; 16--2Ca0. 


more negative value than for titanium nitride and carbide. The thicker the ox- 
ide film, the more of these elements should be present in the external layer of 
the metal, since they should not penetrate into the scale. However, the calcu- 
lated amount of nitrogen was much less than the experimental value. To elucidate 
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this question, special experiments were set up for the simultaneous oxidation 

of a titanium specimen at temperatures of 1000-1200°. During the initial period 
of oxidation (from 3 min to 1 hr) it was found that during the same testing 
time, the oxide layer at the spot where the temperature was 1200° had a smaller 
thickness than at 1000°. 


The corresponding calculations of the possibility of accumulation of nitro- 
gen during this testing time and the obtained experimental data lead to the con- 
clusion that the principal cause of enrichment with nitrogen is the reaction of 
titanium with the nitrogen of air, which takes place largely during the initial 
period of the oxidation. 


The high carbon content in the surface layer of the metal is due not only 
to the thermodynamically possible accumulation, but probably also to the re- 
action of titanium with the carbon dioxide present in air. 


Measurement of microhardness on transverse and oblique polished sections 
prepared from specimens oxidized at 1100-1200° gave very high values (1700- 
2350 kg /mmc) in the metal layer adjacent to the scale. A comparison of these 
values with the microhardness of @-Ti having the maximum oxygen content of 
12.8 wt & Oo (1250-2350 kg/mm) and with the microhardness of titanium carbide 


(2850 kg/mm-) and titanium nitride (1782 kg/mm@) confirms the presence of nitro- 
gen and carbon in the solid solution of a-Ti. The depth of the layer with the 
high microhardness did not exceed 10-15 W in specimens oxidized for ) hours at 
1100-1200°. 


Let us examine the pattern of distribution of the microhardness in speci- 
mens of technically pure titanium oxidized at 1100-1200° (fig. 2). 


LO 2,0 IO 
Distance from meter scale 
interface, mm 


Figure 2. Diagram of the distribution of microhardness in 
samples of alloy VT1l oxidized at 1100-1200°. 


1--Carbonitride layer saturated with oxygen; 2--a-Ti; 
3--transformed B-Ti. 
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The gas-saturated layer formed is made up of three parts. The first part 
consists of an oxygen-saturated carbonitride layer with a hardness of 1350-2350 
kg/mme, the second part of a-Ti with a microhardness up to 400-500 kg/mm2, and 
in the third part, the structure is that of transformed B-Ti with a maximum hard- 
ness of 400-500 kg/mm@, which corresponds to the maximum solubility of oxygen in 
B-Ti (4.0-5.0 wt % 0f) 1, 


In 1952, on the basis of precise x-ray diffraction analyses of titanium 
scale obtained in air, V. I. Arkhanov and G. P. Luchkin postulated that the de- 
fect structure of titanium dioxide arises because trivalent nitrogen ions 
participate in the process of its formation. A consequence of the defect struc- 
ture of the scale was a greater oxidizability of titanium at temperatures above 
1100° in air than in oxygen. The investigation performed is the first experi- 
mental confirmation of this hypothesis concerning the participation of nitrogen 
in the process of oxidation of titanium in air, since the high quantity of 
nitrogen in the metal proves the penetration of nitrogen through the scale and 
the possibility of the creation of an anomaly in the structure of rutile. 


After the oxidation, aluminum and iron accumulate in the surface layer at 
1100-1200°, whereas an increase in the silicon content was noted only at 1200°. 
The amount of aluminum and silicon at temperatures of 800-1000° is approximately 
the same as in the initial alloy; the content of iron at 9000-10009 changes some- 
what. The accumulation of iron and silicon at high temperatures may be explained 
by the drastic conditions of formation of the corresponding oxides, and an 
important part is probably played by kinetic factors in the process of enrich- 
ment of the metal surface with aluminum. Calcium and magnesium can reduce all 
the titanium oxides (see fig. 1) and hence, should be the first to penetrate 
into the scale. ‘This is confirmed by spectral analysis. At 900-1200°, no in- 
crease in the content of calcium and magnesium was observed on the surface of 
the metal. After testing at 800°, the content of these elements on the titanium 
surface was 2-3 times their amount in the alloy prior to the oxidation. Appar- 
ently, at 800° there takes place an appreciable diffusion of magnesium and 
calcium ions toward the metal-scale boundary, and their peretration into the 
scale is difficult. At higher temperatures, this barrier is removed as a result 
of the greater mobility of the atoms. 


Thus, the surface layer on specimens oxidized at 1100-1200° is a intersti- 
tial solid solution of oxygen, nitrogen, and carbon, also enriched with aluminum 
and iron, and at 1200° with silicon. In addition to oxygen, the presence in the 
surface layer of other elements, primarily nitrogen and carbon, does not permit 
us to estimate the amount of oxygen from the change in the parameter c of the 
hexagonal lattice, since these elements also change the lattice parameters. 
Thus, data on the change in parameter c with the quantity of oxygen present in 
titanium, obtained in ref. 5, cannot be used under equilibrium annealing condi- 
tions to determine the amount of oxygen absorbed by the titanium from parameter 


ithe problem of gas-saturated layers is discussed in more detail in an article 
by S. A. Gorbunov and I. S. Anitov in the collection "Titanium and Its Alloys, ' 
No. 10, Izd-vo AN SSSR, 1963, p. 100. 


I 
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ec, not only for the oxidation of the specimens in air, but also for the oxida- 
tion in oxygen because of the redistribution of the impurity elements. In the 
various operations of thermal treatment and welding of titanium and its alloys, 
it is necessary to take into account the possibility of redistribution of the 
elements both on heating in air and in vacuum, where the vaporization of dif- 
ferent elements takes place at different rates. 


The results obtained for the redistribution of the impurity elements were 
also confirmed by studying certain titanium alloys. 


An interesting feature encountered in the work was the nonuniformity of 
the distribution of the impurity elements not only in different melts but also 
in a single melt from one specimen to another. Thus, for example, the amount 
of calcium and magnesium in certain specimens was 5-6 times the average content. 
In some melts of technically pure titanium VIL, aluminum was detected in amounts 
of 0.3-0.4%, although according to the GOST (Gosudarstvennyy obshchesoyuznyy 
standart - All-Union State Standard) no aluminum whatever should be present in 
this alloy. The nonuniformity in the content of the impurity elements in tita- 
nium and its alloys may be the cause of the great scatter in the mechanical 
properties. 


In the course of the investigation, the contamination of certain alloys 
with alloying elements not listed in the certificate of the alloy was estab- 
lished. For example, a small amount of tin or chromium was detected in certain 


G00 4U0 GH BU 0 2040 
b,C 


Figure 3. Temperature dependence of free energy of forma- 
tion for oxides of alloying elements and titanium (based on 
1 g/mole Oo). 


1--2V5053 2--2Cu0; 3--2Cus0; 4--VOo; 5--2/3 MoO 2 6--2Sn0; 
7--Sn05; 8--2/3 M20 33 9--1/2 Mn 0), 3 10--2/3 Cr3033 11--2/3 


V3033 12--2Mn0; 13--Ti05; Lh--2V0; 15--2Ti0; 16--2/3 A102. 
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specimens of alloy VI1l. When alloying elements are present in an alloy, their 
redistribution is possible, just as in the case of the impurity elements. 


Let us examine the temperature dependence of the free energy of formation 
of oxides of a series of alloying elements and titanium (fig. 3). Molybdenun, 
vanadium, chromium, iron, manganese, tin, silicon, nickel, and copper, which 
have more positive values of the change in free energy of formation of the cor- 
responding oxides than titanium oxides, can accumulate in the surface layer at 
the metal-scale boundary. However, an important part in the oxidation process 
should be played by kinetic factors as well (for example, the vaporization of 
volatile oxides, etc.). Results of spectral analysis following oxidation in 
air of the binary alloys Ti - Mo, Ti - V, Ti - Cr, Ti - Mn, Ti - Sn, Ti - Cu, 
containing up to 10% of alloying elements have shown that the surface layer of 
the metal becomes enriched with these elements. For example, at certain tem- 
peratures, the amount of molybdenum, vanadium, and chromium on the surface of 
the metal exceeds the initial content by a factor of 2-3,.and nearly pure tin 
and copper are formed on the surface of the alloys with tin and copper. 


Summary 


1. The article examined the problems of redistribution of carbon, nitrogen, 
iron, aluminum, silicon, calcium, and magnesium between the surface layers and 
bulk of titanium specimens after heating in air at 800-1200°%. 


2. spectral analysis and microhardness measurements established that the 
gas-saturated layer on specimens of titanium oxidized in air at 1100-1200° con- 
sists of an interstitial solid solution of not only oxygen but also carbon (up 
to 1.0%) and nitrogen (up to 3.0%); in addition, the surface layer becomes 
saturated to some extent with iron, chromium, and aluminum. 


3. The study showed that at 1100-1200° the increase in the content of 
nitrogen in the surface layers is due mainly to a reaction of titanium with the 
nitrogen of air. 


4. Thermodynamic calculations of the temperature dependence of the free 
energy of formation of oxides of impurity and alloying elements confirmed the 
possibility of redistribution of these elements in the course of the oxidation. 


5. It was established that the gas-saturated layer becomes enriched with 
the alloying elements following oxidation in air of the following binary alloys: 
Ti - Mo, Ti - V, Ti - Cr, Ti - Mn, Ti - Sn, Ti - Cu. 
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EFFECT OF OXYGEN ON THE MECHANICAL PROPERTIES OF 
HEAT-TREATED ALLOYS AT3 AND AT8 


B. K. Vul'f and S. A. Yudina 


(Preliminary Report) 


According to the diagram of Ti-O (ref. 1), oxygen raises the temperatures 
of the a ~ B phase transformation, particularly the critical points of the tran- 
sition into the B region (fig. 1) and hence, is anq@ stabilizer. By forming 
interstitial solid solutions with titanium, oxygen increases the Lattice con- 
stant c of the a solution, having practically no effect on constant a. Asa 
result of the resulting complication of the lattice structure, the stresses 
causing plastic deformation of the @ solution are increased, and this may ex- 
plain the observed hardening effect. 


Oo» at. percent 
Q G50 ] 150 ral] 


: 
™— 
On, at. percent & 
246 8 012 h% 16 3 
Q 
‘9 
ea 


60K 
re S(l=12,77014) 


sw ~ dft= san) 100 
© 29 - 
| 
7 2 9 & 5 &G d 02 0+ Ob 
Oo; wt percent Oo, wt percent 
Figure 1. Effect of Figure 2. Effect of oxygen 
oxygen on the poly- on the mechanical character- 
morphic transformation istics of titanium. 


of titanium (ref. 1). 


1--data of ref. 2; 
2--data of ref. 3. 
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The effect of oxygen on the mechanical properties of titanium and its 
alloys has been studied by several authors. Thus, it was shown in ref. 1 that 
a rise in oxygen content from 0.2 to 13 wt % increases the hardness of titanium 
from HV = 170 kg/mm to HV = 950-1100 kg/mm-. 


A diagram showing the effect of oxygen on the mechanical properties of 
titanium, plotted on the basis of the data given in refs. 2 and 3, shows that 
as the oxygen content rises, the strength of the specimens increases, while the 
elongation decreases somewhat (fig. 2). 


It has been pointed out in many papers that oxygen increases the sensi- 
tivity of titanium to notching and appreciably decreases its impact strength. 


Oxygen has a similar effect on titanium alloys. 


Thus, in the case of alloy VT8 belonging to the system Ti-Al-Mo, it was shown 
(ref. 4) that as the oxygen content rises from 0.1 to 0.3%, "hydrogen embrittle- 
ment’ is strongly manifested, i.e., there is a decrease in the impact strength 
under the influence of hydrogen. According to the view of the authors of ref. h, 
this is due to a decrease in the solubility of hydrogen and oxygen in titanium 
when both are present. 


In ref. 5, the effect of oxygen on the mechanical characteristics of cer- 
tain alloys of the system Ti-Al-O was studied; in an alloy with 7.2 wt @ Al, 
corresponding in aluminum content to the alloy AT8, a rise in oxygen content 
from 0.18 to 0.46 wt causes an increase in the ultimate strength from 80 to 
120 kg/mm“, and a decrease in elongation from 23 to 4%. 


As the temperature rises to 600°, the ultimate strength decreases, and the 
elongation undergoes little change approximately up to 500°, after which it 
increases sharply at 600°. 


The dependence of the properties of alloy AT on the content of oxygen and 
hydrogen was studied by A. M. Yakimova (refs. 6-8) and other investigators. It 
should be noted that alloy AT) was studied after cooling in air from 800°. In 
these studies it was shown that oxygen | substantially strengthens alloy AT) (an 
average of 10 kg /mm= for every 0.1 wt g, Oo). The values of the elongation and 


transverse contraction underwent little change, but the impact strength a, de- 
creased more abruptly than under the influence of hydrogen. The effect of 
oxygen on the mechanical properties of alloy AT (at a content of 0.005 wt % H5) 
is shown in fig. 3. 


Certain data indicate a positive influence of oxygen on the high-tempera- 
ture strength of titanium alloys. 


It has been noted that oxygen increases the creep resistance (ref. 6). The 
author explains this phenomenon by the stabilization of the a phase as a result 
of the retardation of the diffusion processes in the presence of oxygen. 


The data cited indicate that under the influence of oxygen which they con- 
tain, pure titanium and some of its alloys change their mechanical characteris- 
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Figure 3. Effect of oxygen on the mechanical characteristics 
of alloy AT) (data of ref. 7). 


tics substantially; in many cases, the tensile strength values increase without 
any substantial decrease in plasticity. Consequently, some authors did not 
include oxygen in the category of absolutely harmful impurities, and in some 
cases, its introduction as an alloying element for increasing the strength and 
high-temperature strength of titanium alloys has even been recommended. 


In this connection, it seems interesting to examine in more detail the 
effect of oxygen on the structure, properties and thermal stability of titanium 
alloys now being widely used in industrial applications. 


In the present study, the effect of oxygen content on the mechanical prop- 
erties of alloys of type AT has been investigated; alloys with the lowest (AT3) 
and highest (AT8) aluminum content were selected. 


Alloys AT3 and AT8 were melted in arc furnaces with a consumable electrode 
by the method of double fusion. Electrodes weighing 5 kg were pressed out of 
prepared mixtures; aluminum, chromium, iron, and silicon were introduced in 
pure form during the preparation of the charge, while boron was introduced in 
the form of a 10% Cr-B master alloy. Oxygen was introduced in the form of 
powdered Ti0.5. 


In order to obtain alloys with a minimum oxygen content, use Was made of 
titanium TG1113 with o, = 32.8 kg/mm, and titanium TGOO with o, = 37.3 kg/mm 


was used to prepare the remaining alloys. 


The alloys obtained contained an average of 0.7% Cr, 0.4% Fe, 0.4% Si ana 
0.01% B; the amount of aluminum was 3.0% in alloy AT3 and 7.0% in alloy AT8. 


The content of the oxygen introduced, based on the charge, was: 0.10, 
0.13, 0.23, 0.28, 0.33 and 0.43 wt %. 
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Check analyses for the content of oxygen performed on some of the specimens 
showed a satisfactory agreement with the calculated data. 


After casting, turning, and facing in order to remove the cavities, the 
ingots were forged into rods of round and square cross sections 1l2 mm thick. 
The forging was open and was carried out with a pneumatic hammer. Prior to 
forging, the ingots were heated in an electric furnace. 


For the AT3 alloy, the temperatures of the start and end of the forging 
were 1000 and 800°, and for the AT8 alloy, 1150 and 900°, respectively. 


After the forging, some of the rods were subjected to a heat treatment con- 
sisting in quenching in air from 850° for alloy AT3 and from 950° for alloy AT8 
(holding at the quenching temperature for less than 45 min). 


Gagarin-type specimens were cut from the rods for tensile tests, and speci- 
mens with a Menager-type notch were prepared to determine the impact strength. 


GT G2 ad G4 LY 
O5, at. percent 


Figure 4. Effect of oxygen on the mechanical properties of 
alloys AT3 and ATS. 


1--alloy AT3 in initial state; 2--alloy AT3 after quenching 


from 850° and cooling in air; 3--alloy AT8 in initial state; 
4--alloy AT8 after quenching from 950° and cooling in air. 
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The mechanical tests showed (fig. ) and table) that in alloys AT3 and ATS 
tested in the original state, a rise in oxygen content from 0.10 to 0.42% leads 
to an increase in strength, but decreases the plasticity and impact strength. 


MECHANICAL PROPERTIES OF ALLOYS AT3 AND ATS. 
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In alloys AT3 and AT8 subjected to the heat treatment, a rise in oxygen 
content leads to a similar change in properties, but this effect is manifested 
to a lesser extent. 


In alloy AT8 containing an relatively large amount of aluminum, the plas- 
ticity characteristics (6 and ¥) decrease more abruptly than in alloy AT3; on 
the contrary, in alloy AT3, a rise in the oxygen content up to 0. 3% causes a 
more appreciable decrease in impact strength a,, but practically does not affect 
the change in 5 and }. 


summary 


1. A rise in oxygen content in alloys AT3 and AT8 from 0.10 to 0.42% in- 
creases their strength but decreases their plasticity. 


2. Alloy AT3 is less sensitive to a change in the mechanical properties 
than alloy AT& when the oxygen content rises. 


3. In the case of alloy AT3, as the oxygen content rises, there is ob- 


served an abrupt decrease in impact strength, whereas in the case of alloy AT8, 
the most sensitive characteristic in this respect is the transverse contraction. 
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CHARACTERISTICS OF TH OXIDATION OF CERTAIN TITANIUM ALLOYS 
DURING HEATING PRIOR TO PLASTIC DEFORMATION 


I. M. Pavlov, A. Ye. Shelest, and Ye. G. Konstantinov 


In the primary treatment, ingots and large blanks of titanium and its 
alloys are heated to high temperatures at which the processes of scaling oxida- 
tion and gas saturation develop simultaneously on the surface of the metal. 
These physicochemical processes are determined by the composition of the gaseous 
medium and of the alloys being heated, the temperature, and the duration of the 
heating. The magnitude of scaling oxidation and gas saturation depends on the 
rate of the chemical reactions at the boundary between the solid and gaseous 
phase and on the rate of diffusion of the interstitial elements into the solid 
phase, 


The problem of scaling oxidation must be studied in order to determine the 
fundamental regularities of the distribution of gases between the scale and the 
metal, to establish the high-temperature oxidation resistance of titanium alloys 
in existence and under development, to select correctly the temperature and time 
conditions of heating of these alloys, and to account for the influence of the 
oxides on the boundary conditions (metal-instrument) under plastic deformation 
of titanium alloys. Many studies of foreign and Soviet authors have been de- 
voted to these problems. It is sufficient to mention the work of V. I. Arkharov, 
A. V. Revyakin and others (refs. 1-5). 


A comprehensive study of the conditions of plastic deformation of titanium 
alloys is being conducted at the laboratory of plastic deformation of metals 
and alloys at the A. A. Baykov Institute of Metallurgy. The present work 
offers the results of a study of the oxidation kinetics of certain titanium 
alloys. 


There are several methods of studying the oxidation kinetics of metals, the 
most accurate being the method of continuous weighing of the specimens. However, 
when this method is used, it is impossible to draw intermediate samples in order 
to determine the thickness of the gas-saturated layer. Therefore, for each test- 
ing temperature we prepared a set of specimens which were then removed from the 
furnace in batches after a certain heating time had elapsed. The specimens were 
in the shape of cubes 10-16 mm on one side, all the faces of which were planed. 
They were placed in porcelain crucibles which had been ignited to constant 
weight, and air had free access to all the faces of the specimens. The speci- 
mens were heated in’an electric furnace to 800-1200° (every 100°), and the 
heating lasted 15, 30, 60, 120 and 20 min. Before and after the heating, speci- 
mens with and without the crucibles and specimens with the scale removed were 
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weighed on ADV-200 analytical balances, and the change in weight was divided by 
the surface area of the specimen prior to the oxidation. This technique was 
used to study the oxidation of alloys VI1, OT4-1, OTL, VI6, VT14 and VT15. In 
such experiments, particular care should be taken to make sure that the prepa- 
ration of the surface of all the specimens is identical, since it strongly 
affects the oxidation at short holding times and, in particular, the strength 

of adhesion of the scale to the base metal. For example, the rougher the treat- 
ment of the surface of the plane, the more effective is the surface of oxidation, 
and the stronger is the adhesion between the scale and the metal. Thus, the 
scale is not completely removed. 
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Figure 1. Oxidation of titanium alloys versus temperature 
and heating time. 


a--at 900°; b--at 1000°; c--at 1100°; d--at 1200°. 


After the heating, every specimen was inspected, and the color, macro- 
structure, thickness and strength of the scale were thoroughly described. All 
the quantities characterizing the oxidation kinetics were found directly by 
weighing or by simple calculations. The weighing was used to determine: Ago-- 
the increase in the weight of the specimen as a result of oxidation and gas 
saturation per unit surface, mg/eme ; Ag),--the change in the weight of the speci- 
men after removal of the scale per unit surface, mg/cm ‘ 
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The unknown quantities were: weight of gases in the scale g,,; weight of 
gases dissolved in the metal, Eom> weight of metal which had passed into the 
scale, &ms- 


These quantities are related by the equations 


Eom + Egs = A&s> 


Bem ~ Ems = AB: 


It should be kept in mind that in most titanium alloys the scale consists 
of rutile Ti05, since titanium has a great affinity for oxygen, whose chemical 
activity is considerably lower than that of the other metals entering into the 
composition of the alloys. 


Let us examine the kinetic oxidation curves of the investigated titanium 
alloys (fig. 1). They-all show that during the first stage, the oxidation fol- 
lows a parabolic law, which, as the duration of the oxidation increases, changes 
into a linear law. 


Our experiments confirmed the hypothesis that the oxidation rate is gov- 
erned by the concentration gradient of oxygen in the surface layers of the metal. 
The reaction of formation of titanium oxides takes place at first at the metal- 
scale phase boundary, and then shifts to the boundary between the solid and 
gaseous phase. This was demonstrated by means of inert graphite marks made on 
the surface of the gas-saturated specimens prior to their heating. 


We shall agree to refer to the linear oxidation rate as the characteristic 
rate. Its value can be readily determined by graphical differentiation of the 
kinetic curvesfor longer oxidation periods. In general, however, the oxidation 
rate changes with time, decreasing and approaching some constant value which we 
shall call the characteristic rate. The determination of the characteristic 
rate of each alloy makes it possible to evaluate the degree of its oxidation at 
a given temperature. The data obtained in the present work on the characteris-~ 
tic oxidation rate of the investigated alloys are compiled in the table below. 


CHARACTERISTIC OXIDATION RATE OF TITANIUM ALLOY DURING HEATING 
FOR 4 HR IN ATR IN AN ELECTRIC FURNACE 
(in mg/cm hr) 


Temp., °C Vrl OT4-1 OTh Vr6 VT1y VT15 
800 0.17 0.30 0.33 0.10 0.10 0.27 
900 2.30 1.30 1.15 0.25 0.30 0.30 

1000 1.00 0.88 1.63 1.12 1.63 2.00 , 
1100 2.75 2.25 1.60 3.25 2.50 2.75 
1200 12.00 16.00 18.00 13.00 10.25 10.00 
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It is notable that in the ow + B and B alloys VTI6, VT1L4 and VT15, the oxi- 
dation rate increases monotonically with rising temperature, whereas in VT] and 
OT4-1, which have an allotropic transition range, a sharp increase in the oxida- 
tion rate is observed in this range. This is explained by a weakening of the 
interatomic bonding forces in the metal lattice and by an increase in the mobil- 
ity of the atoms in the temperature range of the allotropic transition. 


The change in the weight of the specimens following the removal of the 
scale, Ag+, should be considered separately. The sign of this quantity indi- 
cates the relative quantities of the metal which penetrated into the scale and 
of the gases which dissolved in the metal. The corresponding curves for each 
of the temperatures are shown in figure 2. Thus, the kinetic oxidation curve and 
curves representing the change in Ag, clearly describe the condition of the 
processes of scaling oxidation of titanium alloys and gas saturation in the 
surface layers of the metal. 


In practice, the conditions of the heating may differ from those under 
which the present work was carried out. Other quantitative characteristics of 
the oxidation can also be obtained, but the qualitative picture remains the 
same. The magnitude of scaling oxidation and gas saturation is strongly af- 
fected by the atmosphere of the furnace and the total thermal flux. A charac- 
teristic feature of oxidation under plastic deformation is the breakdown of the 
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Figure 2. Change in weight of specimens of titanium alloys 
after removal of scale versus temperature and heating time. 


a--at 900°; b--at 1000°; c--at 11009; d--at 1200°. 
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primary scale, the renovation of the metal surface as a result of the emergence 
of deeper layers, and secondary oxidation which develops in the course of the 
treatment. 


The data obtained in the present work can be used for a comparative charac- 
terization of the high-temperature oxidation resistance of titanium alloys and 
for estimating the effect of alloying elements on this important technological 
property of metals. 
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NITRIDING OF TITANIUM ALLOYS AT HIGH PRESSURES 


Ye. N. Novikova 


In studies conducted earlier on the nitriding of titanium alloys in pure 
nitrogen (refs. 1, 2) it was found that the diffusion layer on titanium is 
formed at temperatures above 800° in the course of chemical and thermal treat- 
ment of the latter in an atmosphere of pure nitrogen at normal pressure. The 
diffusion layer is made up of two zones. The upper zone consists of a thin 
nitride layer, and the lower, thicker zone consists of a layer of a solid solu- 
tion of nitrogen in a-Ti. 


As the saturated temperature rises, the depth of both layers and their 
nitrogen concentration increase, causing an increase in hardness. At tempera- 
tures above 950°, the diffusion layer becomes very brittle, and the strength 
and plasticity characteristics of the core of the specimen decrease substan- 
tially; for this reason, the temperature of 950° was taken as the maximum per- 
missible temperature for the nitriding of articles made of titanium alloys. 


It was also found that the absorption of nitrogen by titanium at 800-1200° 
follows the parabolic law, i.e., the rate of diffusion of nitrogen decreases 
with time. Thus, for each temperature it was possible to determine the time at 
which the thickness of the layer practically ceased to increase. Thus, at 9509, 
this period of time is equal to 25-30 hr. 


The decrease in the rate of the growth of the diffusion layer with time is 
due to the formation and growth on the titanium surface of a nitride phase in 
which the diffusion coefficient of nitrogen is considerably smaller (by more 
than one order of magnitude ) than in @- and B-Ti, and decreases with rising 
nitrogen concentration (ref. 3). As the depth of the nitride zone in the layer 
increases, the amount of nitrogen diffusing through it gradually decreases, and 
fresh amounts of nitrogen are chiefly consumed in the enrichment of the nitride 
zone alone, which hinders the penetration of nitrogen into the metal still more. 
Thus, the most saturated and hence most, brittle part of the layer is the nitride 
zone. 


The alloying of titanium has a marked influence on the depth and hardness 
of the diffusion layer. Table 1 gives the depth of the layer and the hardness 
at the surface of specimens of various alloys nitrided for 30 hr at 950° at a 
nitrogen supply rate of 0.2-0.3 1/min. 


The first technological samplings of nitrided articles made of titanium 
alloys showed that in many cases the layer depth attained was insufficient. 
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TABLE 1 


Hardness (p = 5 kg) 


depth of layer, on surface HV, 

Alloy kg/mm 
Technical titanium VT1l 750-850 
VT3-1 700-750 

VI) 750-800 

VT4 800-900 

VTS 700-750 

VTLO 700-750 

VTL 750-850 


Warpage of the parts is unavoidable in a high-temperature process. When the 
parts are reduced to the required dimensions, it is necessary to remove most of 
the diffusion layer and sometimes the entire layer. Furthermore, the brittle- 
ness of the nitride zone, whose depth in certain alloys reaches 15-20 uw, causes 
the chipping of sharp edges, which is completely unacceptable for many parts. 


Thus, a more successful introduction of the nitriding processes into the 
industry requires the finding of methods of increasing the depth of the layer 
and eliminating the brittle nitride zone which hinders the penetration of nitro- 
gen into titanium. 


The achievement of a less brittle and deeper layer will in turn make it 
possible to lower the temperature of the process, this being very desirable for 
preserving the mechanical properties of the core of the part and decreasing 
their warpage. 


It is clear from the above that in order to obtain a deeper diffusion layer 
on titanium, one must change the nitriding conditions in such a way that the 
saturation will proceed only with the formation of a solid solution of nitrogen 
in aw-Ti and that no conditions will be created for the formation of the nitride 
zone. It was postulated that the formation of the nitride zone could be re- 
tarded by nitriding in a mixture of nitrogen and an inert gas (at a low partial 
pressure of nitrogen) or in rarefied nitrogen. 


Further studies in this direction have confirmed our hypothesis. 


The nitriding of titanium in a mixture of nitrogen and argon (refs. .4, 5) 
at a partial nitrogen pressure of 0.005-0.04 atm (the amount of nitrogen was 
O.4-h percent of that of argon) produced an increase in the depth of penetration 
of nitrogen into titanium, and the nitride zone was absent from the nitrided 
layer. 


The positive effect of rarefying the gas during the saturation of titanium 


with argon is also indicated by the results of references 6 and 7; these studies 
were conducted for the purpose of determining the degree of contamination of 
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titanium with gases. It was shown in these studies that a decrease in pressure 
from 76 to 0.076 cm Hg at 850° increased the weight gain of the specimen per 
unit surface. After 2 hr of heating, the weight gain increased by a factor of 
almost 2. ‘The depth and structure of the layer were not determined. 


The effect of decreasing the pressure during nitriding on the depth of pen- 
etration of nitrogen and on the structure of the layer was studied in the present 
work. 


The investigation was carried out on specimens of technical titanium VT1, 
industrial alloys VT3-1, VT4, VT5, and experimental alloys Ti-Al-Mo, Ti-Al-Sn, 
and Ti-Al-Cu. The content of alloying elements in these alloys was as follows: 
alloy VT5, 5.05 percent Al; alloy VTL, 4.8 percent Al and 0.9 percent Mn; alloy 
VT3-1, 5.2 percent, 1.9 percent Cr, 1.5 percent Mo and 0.4 percent Fe; alloy Ti- 
Al-Mo, 4.1 percent Al and 1.25 percent Mo; alloy Ti-Al-Sn, 4.98 percent Al and 
0.70 percent Sn; alloy Ti-Al-Cu, 4.93 percent Al and 1.15 percent Cu. 


Cylindrical specimens 10 mm in diameter and 10 mm high were cut from forged 
rods 14 mm in. diameter. 


The process of nitriding at low pressuresis basically similar to nitriding 
at normal pressure: nitrogen from a cylinder is successively passed through 
vessels with substances absorbing moisture, a retort with heated titanium sponge 
(getter for removing oxygen) and the chamber of the nitriding furnace. However, 
in order to create a rarefied atmosphere of nitrogen in the heating zone as well, 
all the vessels and furnaces with the getter and specimens were placed in a 
vacuum chamber. 


All the parts of the system were connected by means of vacuum tubing. A 
vessel with silica gel was connected to the aircock of the chamber through which 
nitrogen from the cylinder was introduced. The gases were evacuated from the 
chamber by means of a VN-1 preliminary vacuum pump and an M-20 diffusion pump 
(fig. 1). 

The nitriding process consisted of the following operations: 

(1) Charging of the specimens and titanium sponge into the furnace; 
(2) Evacuation of air from the chamber; 


(3) Filling of the chamber with nitrogen; 


(4) Evacuation of nitrogen from the chamber (Operations 3 and 4 were 
repeated twice); 


(5) Heating of the furnaces; 


(6) Introduction of nitrogen and establishment of the selected 
pressure in the chamber; 


(7) Soaking at a continuous flow of nitrogen and at the selected 
temperature and pressure; 
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(8) Cooling of the specimens in the stream of nitrogen; 


(9) Emptying of the chamber. 


Figure 1. Diagram of the process of nitriding at Low pressures; 
1, nitrogen flask; 2, gas reducing valve; 3, container with silica 
gel; 4, container with Po05; 5, furnace for getter; 6, furnace 

for nitriding; 7, titanium turnings; 8, specimens; 9, cylindrical 
vacuum furnace; LO, stopcock for evacuating and introducing the 
gas; ll, preliminary vacuum pump; 12, diffusion pump; 13, place 
for measuring the pressure. | 


The specimens were nitrided at 950° and partly at 870° at pressures of 760, 
100, 1, 107 and 3 x 107° mm He. 


The consumption of nitrogen was set at ~ 0.3 1/min. At a pressure of 10-1 
mn Hg, two more processes were carried out with a lower consumption of nitrogen: 
0.09 and 0.03 1/min (the nitrogen consumption was measured by the change of the 
gas pressure in the cylinder). Basically, the process lasted 8 hr. A 20-hr 
process was conducted at 950° and at the optimum pressure. 


The pressure in the chamber (100 and 1 mm Hg) was measured: with a V-shaped 
manometer, and smaller pressures were measured with a thermal manometer. 


Let us examine the conditions and results of nitriding of certain alloys 
(table 2). 


As is apparent from the tables, at a nitriding temperature of 950° and a 
nitrogen consumption of 0.3 1/min, the decrease in pressure from atmospheric to 
1 mm Hg leads to a significant increase in the depth of the entire layer and to 
a very appreciable (severalfold) increase in the depth of the nitride zone. 
Thus, for example, in specimens of alloys VT5, Ti-Al-S5n and Ti-Al-Cu, the depth 
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TABLE 2. CONDITIONS AND RESULTS OF NITRIDING OF CERTAIN ALLOYS 


Hardness at a load of 50 g, 
kg/mm“, at a distance from 
the surface, mm 


16 
Duration, 
min 


hr 


Tempera- 
ture, 
Pressure, 
Nitrogen 
consult 
tion,1 


aE: 0.3 = 
950 | 8 0,38 _ 
950 | 8 0.33 — 
950 | 8 0.3 — 
950 | 8 0,09 — 
950 | 8 0.03 _ 
950) 7. 0.09 — 
950 | 30 0,3 _ 
950 | 20 0.27 _ 
870 | 8 0.09 = 


950 | 8 760 | 0.3 | 0.8 — | 353 | 353 
950 | 8 4 | 0.33 | 2.3 — | 447 | 442 
950 | 8 1407) 0.3 | 2.4 — | 442 — 
950 | 8 10} 0,09 | 2.0 — | 442 — 
950 | 7.5 |3-40-2) 0,09 | 4.3 — | 442 — 
950 | 30 760 | 0.3 | 4,3 — | 442 | 442 
950 | 20 4071 0.2 | 1.8 — | 447 | 442 
870 | 8 407} 0,09 | 1.5 — | 442 | 384 
950.| 8 760 | 0.3 442 | 396 
950 | 8 400 | 0.38 442 | 396 
950 | 8. 4 | 0.33 508 | 412 
950 | 8 107) 0.3 447 | 396 
950 | 8 107} 0.09 442 | 412 
950 | 8 10 | 0,03 644 | 412 
950 | 7.5 |3-107% 0,09 396 | 396 
950 | 30 760 | 0.3 532 | 412 
950 | 20 1071 | 0.27 844 | 753 
870 | 8 1071 | 0.09 381 | 381 
950 | 8 — | 442 | 367 
950 | 8 — | 442 | 367 
950 | 8 — | 713 | 442 
950 | 8 — | 508 | 442 
950 | 8 — | 429 | 412 
950 | 8 — | 508 | 442 
950 | 7, — | 442 | 396 
950 | 30 — | 442 | 367 
950 | 20 — | 753 | 743 
870 | 8 — | 442 | 367 


Hardness at a load of 50 g, 
kg/mm’, at a distance from 
the surface, mm 


- a i 


Vain 


Nitrogen 
consum 
tion, 1 


i : | ; 

my | | 760 10.3 10.6 .004 10.065} 10 5 | 33 | ! 584 | 
90 ' 8 1100 | 0.38 10.8% vowisiato 414 | BOL} 84 1 — 1 753 | 42 
mG 3 Fd 10.38 | 1.57 10.00% O10 E144 j Ad | 84 | — }-713 | ANT 
we SF AT UZ | 1.74 ‘0.0015, 0.09 | 1313 Pe q225 j Sal | — | O44 | AIR 
G50 10-1) 0.09 | 1.33 0.000304 | i444) 9461 Bia pS | 753 | 447 
265 107] 0.03 | 0.74 |0.001 [0.40 1295 | 4072 | ga | — js | a7 
; 0.09 | 0.8 0.001 | 0.07 713 j- — | G12 4 Aiz 
0.3 | 4.27 10.015 | 0.12 : | 53 | 557 
0.27 | 1.68 10.004 | 0.18 | 841 | 753 
0.09 | 4.5 !o.003 (0.08 A42 
0.03 | 0.9 {0.002 | 0.08 ALY 


Alloy Ti — Al— Sn 


950 0.67 70.004 10.035] 795 | 584] 353 | 353 | — 

aT 0.63 }0.0005:0.07 | 1225 i 841.1 — | 557 | 412 
1.5 10.002 10.085 | 41144 95 | — | 584 | 412 
1.1 !0.0025: 0.072] 4144 31 — | 466 | 381 
1.3 10.0005] 0.085 | 1225 — | 447 | 412 
4.54 10.002 0.089 1144 iar | 42 
0.84 '0.00051 0.045 | 1225 4i2 | 384 
0.73 0.005 [Od 713 | 447 
1.8 10.003 | 0.43 Sil | GAA 
0.53 {0 0025! 0.0 


of the layer increased 2.5-fold, while the nitride zone decreased from h-7 to 
1-2 uw. The weight gain of the specimens per unit surface increased by a factor 
of almost 3. 


The smallest increase in the depth of the nitrided layer at 1 mm Hg was 
obtained with specimens of technical titanium and of the alloy VT3-1. 


At a pressure of 107+ mn Hg and a nitrogen consumption of 0.3 L/min (tem- 
perature, 950°) the depth of the nitrided layer obtained was somewhat less than 
at 1 mm Hg. However, a decrease in nitrogen consumption to 0.03-0.09 1/min 
at this pressure promoted an increase in the depth of the layer and a decrease 
in the depth of the nitride zone. On specimens of technical titanium and alloys 
VT3-1, VT4 and Ti-Al-Mo at a pressure of 107+ mm Hg and at a nitrogen consump- 
tion of 0.09 1/min, the depth of the layer obtained was greater than 1 mm Hg 
and 0.3 1/min. Hence, it follows that the maximum depth of the layer in each 
alloy is obtained at a certain definite pressure and nitrogen consumption. 


A further decrease in pressure to 3 x 107¢ mm Hg led to a sharp decrease 
in the depth of the nitrided layer and to a decrease in hardness, despite the 
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fact that the nitride zone was minimum (less than 1). Obviously, an increase 
in the nitrogen consumption was required at this pressure. 


_After nitriding for 20 hr at 950°, a pressure of 10-1 mm Hg and a nitrogen 
supply rate of 0.27 1/min, the depth of the nitrided layer was found to be 1.5 
times greater than after nitriding for 30 hours at normal pressure with the 
other conditions being the same, although for the majority of the alloys the 
pressure of 107+ mm Hg and nitrogen supply rate of 0.27 1/min were not the 
optimum values. 


Photomicrographs (fig. 2) show the nitrided layer obtained on alloy VI5 
after saturation at normal pressure (fig. 2a) and at a pressure of 10-+ mm Hg 
(fig. 2b). 


Figure 2. Microstructure of nitrided layer on alloy VI5, x500, 
obtained: a, after 30 hr, at 950° and normal pressure; b, after 
20 hr at 950° and a pressure of O.1 mm Hg. 


In all the alloys, the depth of the layer following an 8-hr nitriding at 
870° and 1 and 1071 mm He was greater than after nitriding at normal pressure. 


These results indicate the possibility of lowering the temperature when 
the nitriding process is carried out in rarefied nitrogen. 


Specimens of alloys VI1 and VT5 nitrided for 8 hr at 950°, 1 mm Hg and a 
nitrogen consumption of 0.3 1/min, were subjected to wear-resistance tests on 
an Amsler machine in a couple with nitrided steel rolls. 
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The tests were carried out under the following conditions: load 25 ke /mm® ; 
slip rate of roll, 0.4 m/sec; testing time, 2 hr; medium, kerosene. 


The tests showed a high wear resistance of the surface of specimens nitrided 
in rarefied nitrogen. The magnitude of the wear (a few tenths of one milligram) 
and coefficient of friction (0.14-0.15) was the same as in specimens nitrided at 
normal pressure. 


TABLE 3 


MECHANICAL CHARACTERISTICS OF SPECIMENS OF ALLOY VT} 


Number of 


specimens rina? 6, % | v, % an, kem/em® 
Before nitriding 3 85.5 Log 
Nitriding at 1 mm Hg 3 88.1 5.3 
Nitriding at normal pressure 
and 950° for 30 hr 3 82.6 hg 


The mechanical characteristics of the core of the specimens of alloy VT 
were determined after nitriding in rarefied nitrogen under the following condi- 
tions: temperature, 950°; time, 20 hr; pressure, 1 mm Hg; nitrogen consumption, 
0.36 1/min. 


Results of the tests are given in table 3. 


These data indicate that the mechanical characteristics of the specimens of 
alloy VI) after nitriding in rarefied nitrogen undergo little change and are suf- 
ficiently high for parts operating under friction. 


Summary 


1. During nitriding of titanium alloys, a decrease of the pressure in the 
chamber from 760 to 1-0.1 mm Hg leads to a 1.5-2.0-fold increase in the depth 
of the nitrided layer, while the thickness of the brittle nitride zone is re- 
duced severalfold. 


2. It was established that for each titanium alloy at the same temperature 
and nitriding time there should exist certain pressures and a certain nitrogen 
consumption at which a maximum depth of the Layer can be obtained. 


3. The layer obtained in rarefied nitrogen resists wear satisfactorily, 


and its wear resistance is as high as that of the layer obtained by nitriding 
at normal pressure. 
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4, The mechanical characteristics. of the core of the specimen of alloy VI4 


following nitriding in rarefied nitrogen. differ very little from the character- 
istics obtained in specimens nitrided at normal pressure (the ultimate and impact 
strength are somewhat increased; the elongation per unit Length and contraction 
remain practically the same). 
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CORROSION OF TITANIUM ALLOYS OF SERIES VT AND AT IN SOLUTIONS 
OF SULFURIC ACID CONTAINING NICKEL SULFATE 


S. A. Nikolayeva and V. A. Ginov'yev 


Sulfate solutions resulting from nickel production always contain excess 
sulfuric acid. Since at the present time titanium is finding increasingly wider 
applications as a structural material in the nickel industry, it appeared of 
interest to study the influence of nickel sulfate additions on the corrosion 
properties of titanium in sulfuric acid. In order to have a wider choice of 
structural material, the corrosion behavior of titanium alloys of series VT and 
AT was also investigated. 


Our industry produces technical titanium VTIl of different types. We studied 
the corrosion resistance of sheet, rod, and forged titanium. kod titanium was 
found to have the highest resistance to corrosion. It showed a tendency toward 
passivation at room temperature even in sulfuric acid with a concentration of 
300 g/l. Sheet and forged titanium showed approximately the same rate of corro- 
sion of sulfuric acid with a concentration of 164 g/1, so that subsequently, the 
average corrosion rate of specimens of forged and sheet titanium was taken as 
the value of the corrosion rate of alloy VIl at room temperature. The corrosion 
rate was measured by the weight loss of the specimens and calculated in g /m= hr. 
Prior to the experiment, the specimens were turned on an emery wheel, then 
washed with water containing soda, dried, washed in carbon tetrachloride, and 
weighed. 


The experiments were carried out in glass flasks with reflux condensers at 
room temperature and at 100°; nickel salts were added in the form of sulfates, 
and the concentration. was calculated in terms of the metal in g/l. 


As a rule, the corrosion rate of the investigated specimens at room temper- 
ature was not established immediately: at the start of the experiment, an 
induction period was observed during which the corrosion rate gradually increased. 
These experiments lasted a long time (up to 1500 hr). At 100°, the corrosion 
rate was very high, and for this reason the experiments could not be long and 
lasted 10 hr. Otherwise, the composition of the solution could have changed 
substantially, and the specimens could have dissolved. The corrosion rate of 
titanium was studied in sulfuric acid of various concentrations. Some of the 
solutions of sulfuric acid contained nickel sulfate additions, others did not. 
The values which we obtained for the corrosion: rates in the investigated sul- 
furic acid solutions are collected in the table. 
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CORROSION RATE OF ALLOYS OF SERIES VT AND AT IN SULFURIC 
ACID CONTAINING ADDITIONS OF SALTS (IN g/m@ HR). 


Alloy 


no addition 


VPLS 
VIi4 
AT2-2 
AT2-1 


(0.002 


— 


AT2-3 19.0005 
i(). 0009 
V 13-1 0.0001 


Vrs 
VIG 


ATS 


Vri 


OT4 


ATII 


0.0004: 


100 g/l Ni 


0. 0009 


|. 0001 
0. Q006i0. 0006 
Vro-t lo. 0006 
0.0009 
ATG {0.0007 
ATS {0.0008 
0.0006 
AT40 |0.0014 
VT10 |0.0003/0.0002 
VT7  10.0004/0.0004 
0.0003/0,0009; 


0.0008; 


no addition 


0. 000110. Q003'0.0009 
'0.000910.0017 
0.001 210.0009 
0.0016} 0. 
0. 0005/0. 0014] 0. 

0. 0003} 0. 
0.0014] 0. 
0.002410. 
0.0005!0 ,0006] 0. 
0.001410, 0009] 0. 
0 .0008)0.0014| 0,220 |:0. 365] 0.382 
0.0005/0.0007| 0.231 | 0.409 
0.0008/0 .0008] 0.247 | 0.455] 0.422 
0,0012] 0.205 | 0.695] 0.400 | 0,325 
0.0010] 0.219 | 0.445] 0.422 
0,0003] 0.258 | 0.495] 0.495 
VT5-1 |. 0020,0.0008/0. 0010] 0.372 | 0.790) 0.555 


— 


Sulfuric acid concentration, g/l 


CO 
WW 


100 g/l Ni 
no addition 
10 g/l Ni 
100 g/l Ni 


Temperature 20° 


0.106 
0.166 
0.154 
0,201 
0.257 
0.320 
0.315 
0.377 
0.364 
0.374 
0,385 
0.422 
0.436 


0.127] 0.081 
0.114] 0.263 
0.156] 0,147 
179 
211 


0.065 
0..080 
0.100: 
413 | 0.185) 0. 
131 | 0.279) 0. 
147 | 0.267; 0.212 
185 | 0.288] 0.290 
216 | 0. 383) 0,379 
198 | 0.380} 0.295 
234 | 0.360) 0.345 


0.400 
0,459 
0.764 


—_ —_ - — —— 


0.002 g/l Ni 


0.0007|0,0014; 
0.002710 ,0037 
0.0017/0.0025 


0.0015}0,0013/0,0025 


0.00 


0. 00170, 0012'0, 0015 
/. 0021'0.0019 0. 0018; 


0.02 g/l cu 


no addition 
10 g/l Ni 


36) 36 
48 
70. 
68 
78 
72| 75 
491 83 
50/109 
130/112 


0.0029) 
0.0033 
0.0021! 


43 
61 
42 


39 


24:0.0024)/0.0021 


—— _— 


0.001410.0012/0.0024] 90l146 
0,0017}0.0017}0.0011] 93}106 
0.002510. 002510. 0023! 821100 
0.001810.001210. 0012 73]118 
0.0015|0.0017/0. 0020106 117 


0.0017|0.0014'0.0010; 


177) 79 


0.0017}0.0015}0,0016) 70/140 


0.0927|0.0030, 


0.0030} 84/134 


0.0022)0. “0020/0. 0032)170 202 


10414124 


From the data of the table one can conclude that such alloy components as 
molybdenum and vanadium promote an increased passivation of titanium (alloys 
VTIL5 and VI6); vanadium promotes passivation to a lesser extent than molybdenum 


(alloy VI7). 


Zirconium also promotes passivation to a lesser extent than molyb- 


denum, otherwise the corrosion rate of alloy VI9-1 would have been smaller. The 
presence of aluminum, tin (alloy VT5-1), manganese (alloy OT), and iron (alloy 
vT7) increases the corrosion rate of titanium somewhat. 
by chromium, since the corrosion rate of alloys AT6 and ATS is less than that 


of VI7, OT) and VT5-1. 


Passivation is promoted 


An increase in the concentration of sulfuric acid leads to an increase in 


the corrosion rate. 


It should be noted, however, that in sulfuric acid with a 


concentration of 83 g/l at room temperature, the corrosion rate is practically 
nil; in sulfuric acid with a concentration of 16) g/l, the corrosion rate in- 
creases by a factor of approximately 150-300 times, i.e., in the preceding case 


a clear-cut passivation of the specimens was observed. 


Addition of nickel sulfate to sulfuric acid of various concentrations has 
a very special influence on the corrosion rate. 
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Let us examine the curves representing the corrosion rate versus sulfuric 

- acid concentration (fig. 1) in the presence and absence of nickel sulfate (100 
g/l. Ni). In sulfuric acid with a concentration of 20 g/l, this phenomenon is 
Gifficult to observe because of the Low corrosion rate; in sulfuric acid with a 
concentration of 83 g/l, the addition of nickel sulfate increases the corrosion 
rate by a factor of almost 200. In sulfuric acid with a concentration of 164 
g/l, this phenomenon is practically absent. Thus, in certain cases, nickel sul- 
fate activates the corrosion of titanium alloys, and in other cases, this acti- 
vation is Lacking. 


The influence of nickel sulfate was more clearly observed at 100°. The 
addition of nickel sulfate in the amount of 10 g/l Ni to acid with a concentra- 
tion of 164 g/1 decreased the corrosion rate somewhat in all cases. Let us 
examine the corrosion rate of alloy VT1 versus the nickel concentration in the 
solution of sulfuric acid with a concentration of 164 g/1 (fig. 2). It is evi- 
dent from this figure that small amounts of nickel present in the solution 
activate the corrosion of titanium, and that a further rise in the nickel con- 
centration causes a decrease in the corrosion rate. For comparison, a series 
of experiments was carried out in order to determine the influence of nickel 
sulfate additions. The sodium sulfate concentrations were chosen so that the 
sulfate ion content would correspond exactly to the concentration of this ion 
produced by the addition of nickel sulfate. From the figure, it is apparent 
that the sulfate ion very definitely decreases the corrosion rate of titanium. 
This is in accord with the data of V. V. Andreyeva and V. I. Kazarin (ref. 1), 
who also observed a maximum corrosion of titanium in 40 percent sulfuric acid 
at ho°. The activation of the corrosion of titanium and its alloys by 
nickel ions is apparently due to the cementation of nickel on the dissolving 
surface. 


We occasionally observed the presence of nickel on the titanium surface by 
inspecting the specimens under the microscope and analyzing the surface forma- 
tions. However, the cementation of nickel was not always detected; nor did the 
corrosion rate always increase in the presence of nickel ions. In particular, 
in sulfuric acid with a concentration of 16 g/l, the influence of nickel was 
lacking not only when it was added up to a concentration of 100 e/1, which 
markedly increased the sulfate ion concentration, but also when nickel was added 
in concentrations of 0.1 and 10 g/l, when the sulfate ion concentration remained 
practically unchanged. This leads to the hypothesis that complexes of nickel 
with excess sulfate ions are formed, thus substantially decreasing the free con- 
centration of nickel ions (ref. 6). At high temperatures, such complexes break 
down, and the influence of nickel sulfate additions is clearly manifested. 


The value of the steady state potential of dissolving titanium is very in- 
teresting. 


In all cases where the specimens are in the passivated state, the value of 
the steady state potential is between -0.25 and +0.02 V (relative to the stand- 
ard hydrogen electrode). This is in agreement with the data of refs. 2 and 3. 

The dissolution of titanium specimens at a rate of 0.1 g/m@ hr and higher 


begins at a potential of -0.3 V and at higher negative potentials. 
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Figure 1. Corrosion rate versus sulfuric acid concentration 
for various titanium alloys in the presence (Curves 1, 3, 5, 
7, 9, 11) and absence (Curves 2, 4, 6, 8. 10, 12) of nickel 

sulfate at 20°: 1 and 2, alloy VT5-1; 3 and 4, alloys ATO, 
VT1LO, VI7, OTL; 5 and 6, alloys VI9, AT3, AT6, AT8; 7 and 8, 
alloys VT8, VT3-1, VT6; 9 and 10, alloys VTL, AT2-2, AT2-3; 
11 and 12, alloy VTL). 


Dissolution at the rate of 1 g/m= hr and higher is characterized by a 
steady state potential of -0.) V. 


It should be noted that these values of steady state potentials also par- 
tially correspond to a passivated titanium surface. In 2 N. Ho80), to which up 
to 1 N.NaF was added, i.e., in the case of an active titanium surface (refs. }, 


5), the steady state potential of specimens of alloys VIL and VT8 was respec- 
tively -0.622 and 0.582 V. 


Finally, a series of experiments devoted to the study of the influence of 
copper sulfate editions was carried out. 


In most cases, copper is present as an impurity in the electrolytes of 
nickel production, and for this reason its influence appeared of great interest. 
The amount of copper sulfate added to sulfuric acid with a concentration of 16 
g/l was respectively equal to 0.002, 0.02 and 2 g/l (in terms of copper). 
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Figure 2. Corrosion rate of titanium VTL versus concentra- 
tion of nickel sulfate and sodium sulfate added to sulfuric 
acid (164 g/1) at 90°. 


By cementing on the surface of titanium, copper shifts its steady state 
potential toward the positive side. Titanium thus falls into the region of 
passivation, so that, as can be seen from the table, its corrosion rate prac- 
tically drops off to zero even when copper is added to the solution up to a 
concentration of 0.02 g/l. 


Let us examine the dependence of the steady state potential of titanium on 
time for various amounts of sulfate added to the solution of sulfuric acid with a 
concentration of 164 g/l (fig. 3). These experiments were carried out with rod 
titanium VI1; at 20°, the tendency of titanium toward passivation is apparent 
from the graph. The points corresponding to the steady state potentials of 
titanium at 90° are located a little higher. In this case, copper shifts the 
steady state potential to the positive side only slightly, so that titanium 
does not fall into the region of passivation, and this leads to an increase in 
the corrosion rate from 4 to 51 g/m- hr (0.002 g/1 Cu) and to 56 g/m? hr 
(0.02 g/l Cu). 


Thus, it may be stated in summary that the regularities corresponding to 
alloy VTlL are also characteristic of the other titanium alloys. The absolute 
values of the corrosion rates of titanium alloys are different from those of 
alloy VT. 


The alloys VI15, Vf1lL4, AT2-1, AT2-2, and ATe-3 displayed a good corrosion 
resistance in strong sulfuric acid solutions of nickel. 


The other investigated alloys showed either a slightly higher or even a 
lower corrosion resistance than did alloy VI1. The study of the influence of 
the ions on the corrosion resistance of titanium alloys has led to the conclu- 
sion that the sulfate ion promotes the passivation of these alloys. Nickel 
ions basically activate the corrosion of titanium alloys, and copper ions act 
in a similar manner, but shift the steady state potential only slightly; ‘if, 
however, the value of the steady state potential shifts into the passivation 
region, the corrosion is practically reduced to zero. 
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Figure 3. Change in the steady state potential of titanium 
VTl in time with sulfuric acid containing additions of cop- 
per sulfate: 1, 164 g/1; 2, 164 g/1 H5S0) + 0.002 g/1 Cu; 
3, 164 g/l HoSO, + 0.02 g/1 Cu; 4, 164 g/1 Hp80), + 0.2 g/l 
Cu; 5, 164 g/1 HoSO, + 2.0 g/l Cu. 
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CHEMICAL STABILITY OF TITANIUM IN CERTAIN AGGRESSIVE MEDIA AND 
SCOPE OF ITS USE IN CHEMICAL INDUSTRIAL EQUIPMENT 


S. M. Babitskaya, V. A. Strunkin, 
T., P. Zal'ttsman, and Yu. I. Sorokin 


Effect of Chlorine on the Corrosion of Titanium in Sulfuric Acid 


Chlorine inhibits the corrosion of titanium in 50 and 87 percent sulfuric 
acid at room temperature (ref. 1). It appeared interesting to study this phe- 
nomenon over a wider range of temperatures and sulfuric acid concentrations. 


As is evident from the graph, the dependence of the solubility of tita- 
nium on the concentration of sulfuric acid is much more complex than on the 
concentration of hydrochloric acid: there are two maxima at concentrations 
of hO and 80 percent and a minimum at 60 percent (independent of tempera- 
ture). These data are in good agreement with those of Golden et al. (ref. 2). 


At room temperature, titanium is stable toward sulfuric acid continuously 
saturated with chlorine and having concentrations of 10-80 percent. In 95 
percent sulfuric acid, the corrosion rate of titanium does not exceed 0.1L 
mm/ year during the first 50 hr, after lOO hr reaches 0.3 mm/ year, and after 
200 hr, about 0.8 mm/year. It should be noted that in the vapor over sul- 
furic acid saturated with chlorine and having concentrations of 80 and 95 
percent, titanium specimens ignited after 34 and 7 hr, respectively. 


At 60°, the protective action of chlorine is distinctly manifested only 
up to a hO percent sulfuric acid concentration, above which it practically 
drops off to zero. 


As the temperature rises to 90°, the protective action of chlorine 
is preserved up to a hO percent concentration of sulfuric acid, the same as 
at 60°, but the corrosion rate is no less than 0.3 mmn/ year in lO percent 
sulfuric acid, and in 40 percent sulfuric acid the corrosion rate reaches 
L mm/ year. 


It is interesting to note that in 60 and 95 percent sulfuric acid, 
chlorine increases the corrosion rate of titanium somewhat. 


No ignition of specimens in the vapor was observed at 90° (the testing 
lasted 200 hr). 
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Figure L. Effect of chlorine on the corrosion of tita- 
anium by sulfuric acid. l--at 20°, without chlorine; 
2--at 60° without chlorine; 4--at 90° without chlorine; 
h-- at 20° with chlorine; 5--at 60° with chlorine; 6-- 
at 90° with chlorine. 


Chemical Stability of Titanium in Organic Acids 


Organic acids are much weaker than mineral ones, as indicated by their 
dissociation constants (refs. 4, h). For example, the dissociation constant 
of a 0.1 N solution of acetic acid is approximately LOO times smaller than 
the dissociation constant of a 0.1 N solution of hydrochloric acid. 


No direct dependence of the corrosion rate of the metal on the dis- 
sociation constant is observed (ref. 5). Certain organic acids corrode metals 
considerably (refs. 5-10), differing very little in this respect from strong 
mineral acids. This is explained by their peculiar characteristics: high 
solubility of the salts formed, ability to form water-soluble complexes with 
metals, oxidation-reduction properties, and other properties. Thus, one 
should not state in advance that because of their weak dissociation organic 
acids are not very corrosive: it all depends on the surrounding conditions. 
Such slightly dissociated organic acids as acetic, formic, oxalic, maleic, 
phenoxyacetic, and certain other acids substantially corrode cast iron, steel 
and other metals. Still more corrosive are certain substituted organic acids 
whose dissociation constants are considerably higher. For example, trichloro- 
acetic acid is comparable in strength to mineral acids. 


The Literature contains only sparse indications concerning the corrosion 
resistance of titanium in organic acids (refs. 9, 10). 
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Experiments which we carried out at 100° and with stirring have shown (see 
table) that in many organic acids titanium is characterized by a good corrosion 
resistance (the corrosion rate did not exceed 0.01 mm/year). However, in 
oxalic acid, titanium is strongly attacked (corrosion rate, about 100 mm/ year , 
i.e., it is approximately the same as in 20 percent hydrochloric acid). An un- 
satisfactory stability of titanium was also observed in formic, tartaric, and 
citric acid, and also in a mixture of glacial acetic acid and acetic anhydride. 


It is interesting to note that in 50 percent formic acid there is observed 
an unexplained scatter of data: one specimen was strongly attacked (corrosion 
rate, about 3.5 mm/yr), whereas the corrosion rates of the other two did not 
exceed 0.08 mm/ year. The presence of the aldehyde group makes it possible to 
use this acid as a reductant. The strong acid properties of formic acid (its 
dissociation constant is 12 times that of acetic acid) and its aldehyde char- 
acter promote the corrosion of metals whose chemical stability is based on the 
formation of an inert oxide film (titanium, stainless steels, aluminum). 


The marked corrosion of titanium in hot solutions of oxalic and tartaric 
acid and the higher corrosiveness of citric acid are apparently due to the 
formation of complexes readily soluble in water. 


In all cases, the corrosion was uniform, and in 50 percent citric acid 
pitting corrosion was observed. 


New Areas of Application of Titanium in Industrial Chemical Apparatus 


The study which was carried out has revealed new prospects for the use of 
titanium equipment in processes involving hydrochloric, hydrobromic, hydriodic 
and sulfuric acid containing free halogens. 


Titanium is recommended as a structural material for apparatus designed 
for use in chlorination processes in a medium of hydrochloric acid. 


At one plant, successful use has been made for more than a year of titanium 
tips of thermocouple sleeves operating under conditions of chlorination of the 
organic product in a medium of 18 percent hydrochloric acid at 60-65°. In order 
to provide for mechanical strength, the sleeve is made of two parts: the top 
from a thick-walled steel tube, and the bottom (the working surface of the sleeve ) 
from titanium. The connection between the two parts is threaded. The steel and 
the contact area of the metals are rubberized. It is interesting to note that 
under these conditions the thermometer sleeve had once been used as an auxiliary 
electrode for a level gage. It was then supplied with an alternating current 
of industrial frequency. After a short time, corrosion was observed on the 
titanium, holes were formed through the entire thickness of the part, and the 
operation of the latter failed. 


Laboratory experiments confirmed the harmful effect of alternating current 
on titanium; the same effect had been observed under industrial conditions. In- 
deed, specimens of titanium VI1 in a medium of 20 percent hydrochloric acid con- 
tinuously saturated with gaseous chlorine at 60° displayed a pronounced pitting 
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TABLE. CORROSION OF TITANIUM VT1 IN ORGANIC ACIDS AT 100° 


WITH STIRRING, 


Acid 


Anthranilic 
ai 


Azelaic 
'? 


Benzoic 
tt 


Tartaric 


sf 


Citric 


tt 


Monochloroacetic 
(molten) 


p-aminobenzoic 


A 


tt 


Concen-|Duration| Corrosion rate, mm/yr 


trationjof tests,j.. «=... in {At inter- 
| percent hr in liquid vapor| face 


0,019 
0,019 
0,007 


0,162 
0,304 
0,244 


TABLE (Continued ) 


Concen-|Duration | Corrosion rate, mm/yr 


Acid tratio | . ; ; c. 
tionjof tests, in liquia} 12 At inter 
percent hr vapor| face 
Salicylic 0,17 25 0.000 | 0,000 — 
" 0.47 50 0,000 0.000 | — 
" 0.17 100 0.003 0.002 0,001 
Stearic (molten) _ 25 0.000 0,000 ~ 
" — 50 0.000 0,000 — 
"" — 400 0.002 0.000 0.000 
Trichloroacetic - 
(molten) — 20 0.000 | 0,000 —_— 
i" — 50 0,000 0.000 — 
" — 100 0.000 0.000 0,003 
Acetic (glacial) plus | 
acetic anhydride 4:4 25 1,667 0.000 — 
1:4 50 4,640 0.000 — 
4:4 100 1.063 0.000 0.800 
Fumaric 9 25 0,000 0,085 ~_— 
" 9 50 0.009 0,000 — 
" 9 400 0.000 0.000 — 
Phthalic 9 25 0.000 0.000 — 
" 9 50 0.000 0.000 ~ 
" 9 100 0.000 0.000 0,000 
Phenoxyacetic 20 25 0.000 0,000 — 
" 20 20 0.005 0.005 — 
" 20 100 0.000 0.000 0,000: 
Phenoxyacetic — 25 0.000 0.000 — 
(molten) 
" — D0 0.000 0.000 — 
" — 10 0.003 0.000 0.001 
Oxalic {0 25 35.568 0.236 — 
" 40 50 - 43.098 0.194 _ 
" 10 100 30.981 0,269 | 22,866 
" 20 25 90.856 10,343 — 
" 20 50 — 0,264 — 
" 20 100 28 442 3.009 | 25,465 
Malic 50 25 0.000 0,000 — 
" 90 20 0,005 0.000 — 
" 50 100 0.003 0,000 | 0.000 
puccinic 6.5 25 0,000 0.000 —_ 
" 6.5 90 0.000 0,000. _- 
" 6.5 100 0.000 0.70 0,000 


corrosion after only 42 hr under the influence of alternating current of in- 
dustrial frequency (current density, 43.5 A/am2). A surface 0.06 dm© in area 
had about 45 pits, each 1 mm deep. 


A titanium bubbler for feeding gaseous chlorine operated success- 
fully for over 600 hr in the course of chlorination of an organic product in 
hydrochloric acid at 50°. Before being introduced into the reactor, the 
chlorine from the cylinder is deliberately humidified, since dry gaseous 
chlorine ignites titanium even at room temperature. 


It has been recommended that titanium equipment be used in the process of 
bromination of organic products in aqueous media at temperatures from zero to 
3° (pH = 1). The bromination of the product is rapid (a few minutes), so that 
the possibility of separation of the bromine in a separate phase is excluded. 
Otherwise, the use of titanium equipment would be inadmissible because of the 
danger of pronounced local corrosion and even ignition of the metal. 


In boiling aqueous solutions of maleic acid (particularly in the presence 
of organic solvents), the following metals corrode: carbon steel, stainless 
steels 1Kh18N9T and 1Kh18N12M3T, copper, nickel, aluminum, and lead. 


In our laboratory it was shown that titanium VIl is quite stable under 
these conditions. Titanium sleeves for thermocouples (wall thickness 1.5 mm ) 
which have already been in operation for several thousand hours are being 
used by one plant in the dehydration of maleic acid. 


An experimental laboratory column of a dehydrator of maleic acid was 
made of titanium VI1l and consists of 5 tube drums each 250 mm and 1.5-2 mm 
thick. The column operated for 200 hr without corrosion damage. 


summary 


1. Titanium is distinguished by a good chemical stability in a series 
of organic acids. In addition, it was noted that in a mixture of glacial 
acetic acid and acetic anhydride, and in tartaric, formic, and particularly 
acetic acid, titanium is strongly attacked. 


oC. Free chlorine substantially inhibits the corrosion of titanium by 
sulfuric acid. 


4. The study revealed new areas of application of titanium equipment in 
the chemical industry. 
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CHEMICAL STABILITY OF TITANIUM IN HYDROHALIC ACIDS AND HALOGENS 


Kh. L. Tseytlin, L. L. Fayngol'd and V. A. Strunkin 


Effect of Halogens on the Corrosion of Titanium by 
Hydrohalic Acids 


In industry, the choice of materials for the equipment used in processes 
involving hydrohalic acids is associated with certain difficulties. As a rule, 
halogens enhance the corrosion of metals by hydrohalic acids. Thus, in the 
presence of free chlorine, the rate of dissolution of iron, copper, nickel, lead 
and certain other metals in hydrochloric acid increases rapidly (ref. 1). A 
satisfactory stability under these conditions is displayed only by tantalum, a 
scarce and expensive metal (ref. 2). 


At room temperature, titanium is stable in hydrochloric acid only up to a 
concentration of 5 percent. In 20 percent hydrochloric acid, the corrosion rate 
of titanium is 0.5 mm/yr, and in 36 percent HCl, it attains 41 mm/yr (ref. 3). 
Only general data are available concerning the chemical stability of titanium 
in hydrobromic and hydriodic acids (refs. 4 and 5). 


It was interesting to determine the influence of halogens on the chemical 
stability of titanium in hydrohalic acid. 


Until recently, no such data were available in the literature. Only in 
1959-1960 were studies published which described the effect of chlorine on the 
corrosion of titanium by hydrochloric acid. Titanium was recommended as a 
structural material for chlorinating apparatus in aqueous media (ref. 6). 


The corrosion rate of titanium in 6 N solutions of hydrohalic acids at room 
temperature is insignificant, less than 0.6 mm/yr (fig. 1). Titanium practically 
does not corrode in the vapors of the acids. 


When the temperature is raised to 60°, the corrosion rate of titanium in- 
creases almost 100 times. 


Titanium corrodes more strongly in hydrochloric than in hydrobromic acid. 
In the vapors of these acids, the corrosion increases markedly and reaches con- 
siderable proportions. 


At 90°, the corrosion rate of titanium attains huge proportions (about 400 


mn/yr in hydrochloric acid and 72 mm/yr in hydrobromic acid). In the vapors of 
these acids, the corrosion is considerably weaker, but still very substantial. 
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Figure 1. Effect of temperature on the rate 
of corrosion of titanium by 6 N solutions of 
hydrohalic acids for a testing time of 10 hrs. 


An exception among hydrohalic acids is hydriodic acid. Experiments have 
shown that titanium is fairly stable in hydriodic acid containing free iodine up 
to 90° (the corrosion rate did not exceed 0.15 mm/yr). It should be noted that 
at the conclusion of the tests (after 1300 hrs), as a result of the pronounced 
oxidizability of hydriodic acid, the concentration of free iodine in the acid 
increased to 0.9 g-eq/1 at 60° and to 3 g-eq/1 at 90°. In order to tie up the 
free iodine into hydriodic acid, 1 percent of red phosphorus was added. Hy- 
driodic acid was thus rid of free iodine, but was contaminated with a small 
amount of phosphorous acid H2PO2. In such a system at 609, the corrosion rate 
of titanium did not exceed 0704mm/yr after 200 hrs, but was already 1.3 mm/yr 
after 500 hrs, and reached about 3 mm/yr after 1000 hrs. 


In all cases, the addition of the halogen to hydrochloric and hydrobromic 
acid inhibits the corrosion rate of titanium (figs. 2 and 3), and the effect of 
protective action decreases with rising temperature.+ At 20°, about 0.001 
g-eq/1l of free halogen is already sufficient for a complete cessation of the 
corrosion of titanium by 6 N HCl after 50 hrs of testing. At 60°, the effect 
of protective action reaches 250 at the maximum concentration of the halogen 
(the solution is initially saturated), and at 90°, the protective action of the 
halogen (with a single-stage saturation of the acid by the halogen) is observed 
only in the course of the first 5 hrs, after which it disappears completely. 


As the initial halogen concentration rises, the dissolution rate of 
titanium decreases (fig. 3). 


An increase in the testing time decreases the effectiveness of the protec- 
tive action of the halogen, 


ithe effect of protective action is equal to the ratio of the corrosion rate 
in the pure acid to the corrosion rate in the halogen-containing acid. 
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Figure 2. Influence of halogen concentration in 

6 N HCl solution on the effect of protective ac- 

tion during the corrosion of titanium for a test- 
ing time of 50 hrs. 
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Figure 3. Influence of halogen concentration on 
the corrosion of titanium in 6 N solutions of 
hydrochloric and hydrobromic acids at 60° for the 
following testing times: 1, 10 hrs, HBr + Bro} 
2, 2> hrs, HBr + Bro; 3, 50 hrs, HBr + Bro; 4, 100 
hrs, HBr + Bro; 5, 10 hrs, HCl + Clo(Bro, Ia); 6, 
25 hrs, HCl + Clo(Bro, Io); 7, 50 hrs, HCl + Clo 
(Bro, In); 8, 100 hrs, HCl + Cl.(Bro, Ip). 
Chlorine, bromine and iodine inhibit the corrosion rate of titanium by 6 N 
HCl to the same extent. 
In 6 N HBr, the addition of bromine also substantially inhibits the corro- 
sion rate of titanium, but the protective action of bromine in this case is 


longer and is manifested at higher temperatures (up to 90°) than in the case 
of hydrochloric acid. 
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Chlorine was used as an example to show the effect of hydrochloric acid 
concentration on the rate of corrosion of titanium by the pure acid and acid in 
the presence of the halogen (fig. 4). At room temperature, titanium is stable 
at any concentrations of hydrochloric acid being continuously saturated with 
gaseous chlorine, at 60° it is stable up to an HCl concentration of 20 percent, 
and at 909°, it is stable only up to an HCl concentration of 5 percent. In 30 
percent and 36 percent HCl at 90°, the protective action of chlorine is almost 
nil. 


As shown by the course of the curves representing the electrode potential 
of titanium versus time (fig. 5), the addition of chlorine shifts the potential 
toward more positive values; this effect is more pronounced the higher the ini- 
tial concentration of free chlorine in the solution. With time, the potential 
returns to less noble values. 


As the temperature rises, the potential shifts into the region of negative 
values. Thus, the electrochemical data essentially confirm the data of the 
gravimetric method of determining the corrosion of titanium. 


In the view of many researchers, the dissolution rate is determined by the 
electrode potential and is independent of the manner in which a given value of 
the potential is maintained, whether by polarizing the metallic sample by an 
external anodic current or by introducing an oxidant into the solution (refs. 
7-11). When chlorine is introduced into hydrochloric acid, the titanium poten- 
tial assumes values from +0.3 to +1.1V, which corresponds to the region of 
passivated titanium on the potentiostatic curve recorded under the same 
conditions. 


A higher stability of titanium (rise in the upper temperature limit of 
stability to 90°, longer-lasting protective action of the halogen in hydrobromic 
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Figure 4, Influence of chlorine on the corrosion 
of titanium by hydrochloric acid: 1, at 20° with 
chlorine; 2, at 60° with chlorine; 3, at 90° with 
chlorine; 4, at 20° without chlorine; 5, at 60° 
without chlorine; 6, at 90° without chlorine. 


191 


Klectrode potential, V 
S 
Sw 


Testing 
time, hr 


x ee x 
Xx ae ae om 


~G4 


Figure 5. Influence of chlorine concentration on 
the electrode potential of titanium in 6 N HCl: 
1, without chlorine at 25°; 2, 0.01 g-eq/1 Clo at 


25°; 3, 0.027 g-eg/1 Clo at 25°; 4, 0.069 g-eq/1 
Clyh at 25°; 5, without chlorine at 60°; 6, 0.002 


g-eq/1 Cly at 60°; 7, 0.056 g-eq/1 Cly at 60°. 


and hydriodic acid with additions of free bromine or iodine, respectively, than 
in hydrochloric acid containing free chlorine) is explained by the greater 


stability of the complex HBr. and HT. as compared to HCL. (the equilibrium 


Xy + xt 2X3, where X is the halogen, is almost completely displaced to the 


left for HCl). 
In the view of N. D. Tomashov and R. M. Al'tovskiy (ref. 12), the passiva- 
tion of titanium in this case is due to the adsorption of the x ion on its sur- 


face; a film is thus formed which consists of an adsorbed and possibly a chemical 


phase compound of titanium with bromine or iodine. This film raises the over- 
voltage of hydrogen, as a result of which the corrosion rate of titanium de- 


creases. 
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Chemical Stability of Titanium toward Chlorine, 
Bromine and Iodine 


The first mention of the stability of titanium toward halogens dates back 
to 1850, when Wohler wrote that metallic titanium burns effectively in gaseous 
chlorine, but does not react with it at room temperature (ref. 13). Titanium 
was obtained in the form of a dark-gray powder by reducing potassium fluotitanate 
with metallic potassium. The chemical composition of chlorine and titanium was 
was not given. 


In 1895, Moissan found that a material containing 95-97 percent Ti and 2- 
percent C reacts with chlorine at 325°, thereby becoming incandescent, and reacts 
with bromine at 360° and with iodine at higher temperatures without any appre- 
ciable incandescence. This material was obtained by heating a mixture of titanic 
acid with carbon in an electric furnace. This was an amorphous substance which 
could be readily crushed in an agate mortar and had a specific gravity of 4.87 
(refs. Lh and 15). 


From then on, the incorrect view that titanium reacts with chlorine, bromine 
and iodine only at high temperatures (325° and higher) has spread in the litera- 
ture and prevails until today (refs. 16-26). However, there are also indications 
in the literature that pulverized titanium ignites in gaseous chlorine and liquid 
bromine at room temperature, and in iodine on moderate heating (refs. 27 and 28). 


Recently, several studies have been published in which it is stated, among 
other things, that titanium reacts vigorously with chlorine at room temperature 
and even at -18° (refs. 4, 6 and 29). However, no direct proof of the inflamma- 
tion of titanium in gaseous chlorine is given. 


Our experiments have shown that sheet titanium VT1 ignites in gaseous 
chlorine (from a cylinder in which chlorine contains no more than 0.03 percent 
of moisture) at room temperature in 24 hrs; if however, the gaseous chlorine is 
additionally dried by being passed through concentrated sulfuric acid, the igni- 
tion of the metal takes place in 14 hrs. In reactive liquid bromine, titanium 
also ignites at room oomperee in only 10 min, and in dry crystalline iodine, 
in 15 min only at 100°. A pronounced corrosion of titanium in iodine is observed 
even at 60°, but at room temperature titanium did not corrode for 500 hrs; 
longer tests were not carried out (table 1). 


It seemed of interest also to determine the influence of water on the 
reaction of titanium with halogens. This can be done most conveniently with 
liquid bromine, particularly since theliterature contains only general informa- 
tion on the stability of titanium toward wet bromine, these data being quite 
contradictory. For example, one of the sources asserts that wet chlorine and 
bromine do not attack titanium (ref. 5), while another states that liquid, dry 
and moist bromine attacks titanium very rapidly (ref. 4). We did not find any 
more specific data. 


Our experiments showed (table 2) that titanium reacts vigorously not only 
with dry liquid bromine but also with wet bromine. Water retards the reaction, 
but even in the presence of considerable amounts of water titanium undergoes 
@ pronounced localized corrosion in the bromine phase. 
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TABLE 1. EFFECT OF TEMPERATURE ON THE CHEMICAL STABILITY OF TITANIUM IN IODINE. 


Temperature of | Testing Average corrosion 


experiment, °C| time, hr rate, mm/yr Remarks 
20 external appearance of specimen did 
not change 
60 pitting corrosion 
80 localized corrosion, strongly corroded 
edges 
90 localized corrosion, strongly corroded 
edges 
100 intense heating-up, specimens ignited 
110 intense heating-up, specimens ignited 


TABLE 2. EFFECT OF WATER ON THE CHEMICAL STABILITY OF TITANIUM IN ‘BROMINE AT 
ROOM TEMPERATURE 


Amount of water 
introduced into 
bromine, wt L 


Testing Average corrosion 


time, hr rate, mm/yr Remarks 


0.05 >3000 after 25 min, the specimen ignited 
with a bright flame. After the 
specimen was removed, deep pits 
(2.5 mm) were observed on its 
surface 

> 1700 after 45 min, the solution began 
to boil, the specimen brightened, 
then ignited with a bright flame. 
It burned for 3 min. Deep pits 
were formed on the surface of the 
specimen 

>1200 the specimen ignited after 1 hr. 
Deep pits formed on its surface 

~(00 the specimen ignited after 2 hrs. 
Deep pits were formed on its 
surface 

O.4 after 200 hrs of testing, the 

specimen retained its original 
appearance, and after 1000 hrs, 
deep pits (up to 2.5 mm) formed 
on some parts of the surface 

~400 after 200 hrs of testing, the speci- 
men retained its original appear- 
ance, and after 500 hrs, deep pits 
(up to 3 mm) were formed on some 
parts of the surface, and whole 
pieces were eaten away ; 


0.10 


60.0 
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Together with untouched sections of lustrous surface, deeply pitted areas 
were observed; whole pieces of the specimen were corroded away, particularly at 
the edges (fig. 6). The strong localized attack of titanium can be explained by 
the inhomogeneity of the media (the solubility of water in bromine is 0.05 per- 
cent, and that of bromine in water, 3 percent). 


In this connection, it should be noted that the literature gives the in- 
correct impression that titanium is not subject to localized attack. 


In aqueous solutions of bromine (saturated solution) titanium is stable up 
to 90° (no experiments were carried out at higher temperatures). 


The following qualitative explanation of the high reactivity of titanium 
toward halogens may be accepted. In order for the reaction to take place in the 
form of combustion, the following conditions must be met (ref. 30): 


1. The reaction should be highly exothermic; 


2. The reaction should take place at a high rate, which in turn depends on 
the activation energy of the molecules of the reacting substances; 


3. The products of the reaction should be partly or completely gaseous; 

4, The reaction should be self-sustaining, which, strictly speaking, 
follows from the first condition, since the reaction rate increases with rising 
temperature. 

The heats of formation of Tic); TiBr), and Tit, are respectively equal to 
179.3, 155 and 102 kcal/mole (ref. 31), i.e., the reactions of titanium with 


chlorine, bromine and iodine are strongly exothermic. The melting points of 
the halides are respectively -23, +39, +150°, and the boiling points are 136, 


Figure 6. Localized corrosion of titanium in 
bromine containing 60 percent water at room 
temperature (specimen placed in bromine phase): 
a, control specimen; b, specimen after testing 
(500 hrs). 
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230 and 377° (ref. 32). This means that the corrosion products (Tix), where X 


is the halogen) do not adhere well to the metal, run off the surface, or evapo- 
rate when sufficiently heated by the heat of reaction. Fresh portions of titani- 
um, Which had already been heated, immediately enter into the reaction. There 
finally comes a moment when the outflow of heat (loss to the surrounding medium) 
becomes less than its inflow caused by the heat of reaction, and ignition takes 
place. 


The activation energy of the reactions of titanium with chlorine and bromine 
is apparently of the order of several units (up to 10 kcal/mole). Only under 
those conditions can the reaction proceed rapidly and in the form of combustion 
at room temperature. The activation energy of the reaction of titanium with 
iodine is considerably less (a few tenths of a kcal/mole), and for this reason 
ignition occurs only on heating to 100°. 


The reaction of titanium with halogens would proceed much faster (par- 
ticularly in the case of the reaction with gaseous chlorine) if it were not for 
the tendency of titanium (like that of aluminum) to passivate quickly in the 
presence Of moisture or air. Indeed, as was shown by electron diffraction 
measurements (ref. 33), when titanium is left standing in air, a film is formed 
very quickly which consists of two layers: the oxide layer as such, which is 
chemically bound to the base metal, and a polymolecular layer of physically 
adsorbed gas or a mixture of the gas with water. This film, frequently invisi- 
ble even to the aided eye, is compact and has good adhesive properties. Diffu- 
sion through such a film is slow, and this explains the extremely low initial 
rate of reaction of titanium with gaseous chlorine. It should be noted that 
broken-up particles of a white film of titanium dioxide were found at the end 
of the reaction of titanium with halogens. Hence, Tid, » which makes up the 


natural film on titanium, does not react with halogens when exposed for a short 
time even to high temperatures. This in turn means that the film on titanium 
formed in air contains pores and that the reaction of titanium with halogens 
proceeds through these pores. 


In our case, the reaction of titanium with liquid bromine proceeds much 
more quickly (10 min) than with gaseous chlorine (14 and 2) hrs). This is due 
to the fact that a considerable part of the time is spent in removing the air 
and moisture from the reaction vessel while the chlorine is passed; in addition 
the reaction is made more difficult by the steady removal of heat by constantly 
renewed portions of gaseous chlorine. 


Effect of Aromatic Nitro Compounds on the Corrosion 
of Titanium by Hydrochloric Acid 


In references. 34 and 35 it was shown that aromatic nitro compounds most 
often enhance the corrosion of iron, copper, lead, aluminum and their alloys by 
electrolytes. An exception was q-nitronaphthalene, which in many cases did not 
affect the corrosion process. 
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The authors account for the enhanced corrosion by an effective depolarizing 
influence of oxidizing nitro compounds on the cathodic process. A short time 
later, a mechanism of this phenomenon was proposed by I. V. Oknin (ref. 36), but 
it was experimental and based on electrochemical measurements. 


No such data are available on titanium. 


Our experiments (table 3) showed that up to 60° almost all of the investi- 
gated aromatic nitro compounds (10 itmes) markedly (100 times or more) inhibit. 
the rate of corrosion of titanium by agitated hydrochloric acid in the liquid, 
in the vapor, and at the interface. 


It is interesting to note that in the presence of p-nitroaniline (at 60°), 
of two samples in the liquid phase, one was highly corroded (about 1.3 mm/yr), 
while the corrosion rate of the other sample did not exceed 0.13 mm/yr. No 
explanation was found for this phenomenon. 


The above-described orderly pattern of the inhibiting influence of nitro 
compounds on the corrosion of titanium is upset at 80°. <A pronounced. protective 
action was observed only in the presence of o-nitrotoluene, o-nitrophenol, 
m-dinitrobenzene and 1,2,4-dinitrochlorobenzene. In all the remaining cases, 
the protective effect was insufficient and a still-unexplained scatter of the 
data was observed (pronounced inhibition of the corrosion rate in the liquid 
phase and considerable corrosion in the vapor and at the interface). 


Experiments in stationary 6 N HCl showed that under these conditions at 
temperatures up to 60°, nitrobenzene, o- and m-dinitrobenzene and 1,2,4- 
dinitrochlorobenzene effectively inhibit the corrosion of titanium. The re- 
maining seven of the eleven nitro compounds considered either have.no.apprecia- 
ble effect on the corrosion process or cause a scatter of the data. 


At 80°, all the nitro compounds studied have no appreciable effect on the 
corrosion rate. 


The concentration of the nitro compound in agitated 6 N HCl has a sub- 
stantial influence on the corrosion of titanium at 60°. 


A decrease in the amount of the nitro compound added from 0.5 to 0.005 
percent sharply decreases the effect of protective action. 


Summary 


1. Free halogens markedly inhibit the corrosion of titanium by hydro- 
chloric, hydrobromic and hydriodic acid. 


2. Titanium ignites at room temperature in dry gaseous chlorine (from a 
cylinder) in 24 hrs, in liquid bromine in 10 min, and in dry crystalline iodine 
at 100° in 15 min. Water inhibits the reaction of titanium with liquid bromine, 
but does not exclude a strong localized attack and even the inflammation of. 
titanium. The use of titanium equipment is inadmissible in cases where the 
separation of bromine as a separate phase is possible. 
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TABLE 3. EFFECT OF AROMATIC NITRO COMPOUNDS (CONCENTRATION, 0.5 PERCENT) 
ON THE RATE OF TITANIUM CORROSION IN 20 PERCENT HYDROCHLORIC ACID AT A 
STTRRING RATE OF 300 RPM AND A TESTING TIME OF 10 HRS. 


Additive 
nitrobenzene 7 oe oe we ew 
Oo-nitrotoulene . ...e. -« 
p-nitrotoulene ..... .» 


O-nitrophenol . * 
p-nitrochlorobenzene... 
penitroaniline ...... 
o-dinitrobenzene . 
m-dinitrobenzene . 


1,2,4- dinitrochlorobenzene . 


picric acid. . . « « «© « « 
a-nitronaphthalene . 


nitrobenzene .... +... 
o-nitrotoulene . . 
p-nitrotoulene . . 
o-nitrophenol ..... 
p-nitrochlorobenzene . 
p-nitroaniline .. ‘ 
Oo-dinitrobenzene .... 
m-dinitrobenzene ....- 
1,2,4-dinitrochlorobenzene 
picric acid. . . .. +. « « 
aQ-nitronaphthalene . 


nitrobenzene . 
O-nitrotoulene .....-. 
p-nitrotoulene ..... . 
O-nitrophenol ..... 
p-nitrochlorebenzene .. 
p-nitroaniline .. . 
o-dinitrobenzene ... 
m-dinitrobenzene . 


1,2, l-dinitrochlorobenzene . 


picric acid. . . . «6 « « « 
a-nitronaphthalene ... 


Titanium corrosion rate, mn/yr 


0.09 
0.20 
0.07 
0.07 
0.02 
0.07 
0.06 
0.07 
0.09 
0.09 
0.04 


Temperature 60° 


Temperature 80° 


8) 
O 
O 
O 
O 
~O 
O 
O 
0 
8) 
0 
O 


O0OO0O0O000 00 00 
FO FUIW WT PP VI PV! 


e.(3 
0.0L 


0.0L 
0.01 
0.03 
0.03 
0.09 
0.01 
0.02 
0.03 
0.01 
0.09 


OOODOCTONDAO0O0O0ON 
OFRPRPRFOFOFOOOC SD 
COW POLO ONIN O FUIW © 


O.11 
2.63 
3.60 


38.18 
46, 34 


0.46 
0.10 
0.05 


42.60 


Note: 1. The column "in liquid" gives the average values of the corrosion 


Temperature 40° 
Ok 


rates of two specimens; both values were recorded if they differed 


sharply from each other. 
2. In all cases, the nature of the corrosion was uniform. 


198 


3. The retarding effect of aromatic nitro compounds on the corrosion of 
titanium by hydrochloric acid was established. 
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EFFECT OF SODIUM NITRITE ON THE CORROSION OF TITANIUM BY 
HYDROCHLORIC AND SULFURIC ACID 


Yu. I. Sorokin and Kh. L. Tseytlin 


The corrosion of titanium by hydrochloric and sulfuric acid is inhibited 
in the presence of oxidizing agents and anodic polarization (refs. 1-6). The 
presence of nitric acid in hydrochloric and sulfuric acid passivates the 
titanium considerably, as confirmed by the slight corrosion of titanium in cold 
aqua regia (refs. 7 and 8). A virtually complete passivation of titanium is 
observed in 20 percent hydrochloric acid at room temperature in the presence of 
1.3 percent nitric acid (ref. 9). Etching hydrochloric acid solutions contain- 
ing hydrofluorides become less active toward titanium when they have accumulated 
a certain quantity of Tit4 ions (ref. 10). Among the oxidants depressing the 
corrosion of titanium in acids, little attention has been given to the salts of 
nitrous acid, which are widely used in industry and have strong oxidizing 
properties. There is evidence to indicate that the addition of sodium nitrite 
inhibits the dissolution of titanium by hydrochloric acid even at 50° (ref. 
11). For this reason, heat-exchange elements made of titanium should be used 
in the processes of diazotization of aniline, methanilic acid and p-chloro-o- 
aminophenol, which take place with the participation of hydrochloric acid and 
sodium nitrite (ref. 12). It appeared of interest to study in somewhat greater 
detail the influence of sodium nitrite on the corrosion of titanium by hydro- 
chloric and sulfuric acid. 


Experimental Section 


Sheet titanium VTl-lwas used in the investigation. The experiments were 
carried out in a six-compartment glycerin thermostat, using the technique de- 
scribed in reference 13. Polished specimens of titanium (50 x 10 x 3 mm) 
suspended on hooks of glass stirrers were tested in three-neck glass flasks. 

The samples were continuously rotated at the rate of 100 rpm. For comparison, 
experiments were carried out without stirring. The corrosive media used were 
pure 20 percent hydrochloric and sulfuric acid in the amount of 600 m1, to which 
sodium nitrite (analytically pure) had been added. The glass flasks were pro- 
vided with reflux condensers to which air had free access. There was 100 ml 


of acid for every 10 em of surface of the sample. After 10, 50, 100 and 200 
hrs of testing, the samples were removed from the corrosive medium, washed with 
water, dried and weighed. The corrosive liquid was not renewed after each 
weighing. In order to plot the curves, use was made of the data of tests of 
two parallel titanium samples. 
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The experiments showed that titanium has a satisfactory stability in 20 
percent hydrochloric and sulfuric acid at 0 and 10° (after a 200-hr test, the 
corrosion rate did not exceed 0.1 mm/yr). Under these conditions, the addition 
of nitrite has practically no effect on the corrosion rate of titanium. In 
quiescent 20 percent hydrochloric acid at 20°, titanium depassivates quickly and 
is attacked at the rate of approximately 0.5 mm/yr (fig. 1). With stirring, the 
access of atmospheric oxygen to the surface of titanium is accelerated, affecting 
the decrease in the corrosion rate during the initial period of the test. When 
the acid has acted for a long time, the dissolution rates of titanium in sta- 
tionary and agitated media become similar. The addition of 0.001 percent NaNO, 


decreases the corrosion rate of titanium in quiescent and agitated hydrochloric 
acid to 0.02 mm/yr only in the course of the 100-hr testing period. The addi- 
tion of 0.01 percent NaNo,, provides for a high stability of titanium in the 


course of the entire testing period. 


A rise in temperature to 60° sharply increases the corrosion rate of 
titanium in 20 percent hydrochloric acid (up to 300 mm/yr), and stirring at this 
temperature has virtually no effect (fig. 2). The addition of nitrite retards 
the dissolution of titanium at 60° as well, but in this case the concentration 
of the oxidant must be raised to 0.1 percent in order to decrease the corrosion 
rate to 0.1 mm/yr. 


In the presence of 0.01 percent NaNO,, a marked inhibition of the reaction 
is observed for only about 10 hrs. 


At 100°, the rate of corrosion of titanium by hydrochloric acid increases 
to 200 mm/yr (fig. 3) and agitation also has virtually no effect on the reaction 
rate. A considerable decrease in the corrosion rate of titanium (to 0.6-2.0 
mn/yr) is observed at an initial nitrite concentration of 1 percent. 


In unagitated 20 percent hydrochloric acid at 20°, titanium has a negative 
electrode potential (about -0.4 V) which undergoes little change with time 
(fig. 4). The addition of 0.001 percent NaNO, shifts the potential into the 


passive region (above +0.4 V) but only during the initial period of the testing 
(about 20 hrs). As the duration of the testing increases, this concentration 
becomes insufficient to preserve the stable passive state of titanium charac- 
terized by the region of positive potential values of +0.4 V and higher (ref. 
6). In the presence of 0.01 percent NaNO, the positive potential (about +0.7 


V) is preserved during the entire testing period. At 60°, the electrode poten- 
tial of titanium shifts into the passive region if the initial nitrite concen- 
tration is O.l percent or higher. The addition of 1 percent NaNO, ensures the 


preservation of the positive potential in the course of the entire period of 


testing, but in this case there is observed an appreciable tendency of activa- 
tion of the titanium surface with time. 
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Figure 1. Effect of sodium nitrite on the corrosion of titanium 
in 20 percent hydrochloric acid at 20 percent: 1, 20 percent HCl 
without stirring; 2, 20 percent HCl + 0.001 percent NaNOo without 
stirring; 3, 20 percent HCl + 0.01 percent NaNOo without stirring; 
4, 20 percent HCl with stirring; 5, 20 percent HCl + 0.001 percent 
NaNOo with stirring; 6, 20 percent HCl + 0.01 percent NaNO» with 
stirring. 
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Figure 2. Effect of sodium nitrite on the corrosion of titanium 
by 20 percent hydrochloric acid at 60°: 1, 20 percent HCl with- 
out stirring; 2, 20 percent HCl + 0.01 percent NaNOo without 
stirring; 3, 20 percent HCl + 0.1 percent NaNO» without stirring; 
4, 20 percent HCl with stirring; 5, 20 percent HCl + 0.01 percent 
NaNOo with stirring; 6, 20 percent HCl + 0.1 percent NaNO, with 
stirring. 
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Figure 3. Effect of sodium nitrite on the corrosion of titanium 
by 20 percent hydrochloric acid at 1009: 1, 20 percent HCl without 
stirring; 2, 20 percent HCl + 0.1 percent NaNO, without stirring; 
3, 20 percent HCl + 1.0 percent NaNO, without stirring; 4, 20 per- 
cent HCl with stirring; 5, 20 percent HCl + 0.1 percent NaNO, with 
stirring; 6, 20 percent HCl + 1.0 percent NaNO, with stirring. 
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Figure 4. Effect of sodium nitrite on the electrode potential of 
titanium in 20 percent hydrochloric acid: 1, 20 percent HCl, at 

209; 2, 20 percent HCl + 0.001 percent NaNO, at 209; 3, 20 percent 
HCl + 0.01 percent NaNO,, at 20°; 4, 20 percent. HC1, at 60°; 5, 20 
percent HCl + 0.01 percent NaNO,, at 609; 6, 20 percent HCl + 0.1 
percent NaNO5, at 60°; 7, 20 percent HCl + 1.0 percent NaNO, at 60°. 


As in hydrochloric acid, in quiescent 20 percent sulfuric acid at 20°, ti- 
tanium quickly depassivates and corrodes at the rate of about 0.6 mn/yr. Agita- 
tion decreases the corrosion rate of titanium only during the initial testing 
period. In prolonged testing, the dissolution rates of titanium in quiescent 
and agitated sulfuric acid become similar, as was the case in hydrochloric acid. 
The addition of 0.001 percent NaNO, is sufficient for the passivation of tita- 
nium in quiescent and agitated sulfuric acid during the entire testing period. 
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A rise in temperature from 60 to 100° sharply increases the corrosion rate 
of titanium in 20 percent sulfuric acid, and stirring has practically no effect 
on this rate in sulfuric acid of such concentration (figs. 5 and 6). Sodium 
nitrite has basically the same effect on the inhibition of the reaction as hydro- 
chloric acid. The addition of 0.1 percent NaNO, at 60° decreases the corrosion 
rate of titanium by 20 percent sulfuric acid to 0.1 mm/yr and is insufficient 
for a significant and lasting decrease in the corrosion rate at 1009. A sharp 
decrease in the corrosion rate at 100° (to 0.6-0.8 mm/yr) is observed in 20 
percent sulfuric acid only in the presence of 1 percent NaNno,,. 


In 20 percent sulfuric acid at 20 and 60°, sodium nitrite shifts the elec- 
trode potentials of titanium to the positive side in essentially the same way 
as in hydrochloric acid. 


Sodium nitrite quickly decomposes in its reaction with acids to form 
nitrogen oxides: 


2NaNOz + 2H* = 2Nat+ NO2 + NO-+ H20 [14]. 


Nitrous acid can exist only in dilute aqueous solutions at low temperature. 
At room temperature, nitrous acid quickly oxidizes: 


3HNO2 = HNOs + 2NO+. H:20 [15]. 


It may be assumed that nitric acid, being the end product of the reaction 
of nitrite with acids, can be the main oxidant which passivates titanium. 


A comparison of the data which we obtained (see table) shows that the 
addition of low concentrations of nitrite passivates titanium in hydrochloric 
and sulfuric acid more effectively than the addition of equivalent quantities 
of nitric acid. Apparently, the chief reason for the greater passivating 
effect of nitrite in this case is the formation of nitrogen oxide upon the 
decomposition of the salt. It should be noted that the addition of 0.02 per- 
cent NaNo,, also protects chromium-nickel-molybdenum steel against corrosion in 


28 percent sulfuric acid at 70° (ref. 16). 


There is no fundamental difference between the chemical passivation of a 
metal in solutions of oxidants and its anodic passivation (ref. 17). In both 
cases, in order to convert the metal into the passive state, it is necessary to 
reach a certain electrode potential above which (in the positive direction) the 
dissolution rate of the metal is determined only by the value of the potential 
and is independent of the manner in which the potential is maintained, whether 
by an external current or by the addition of oxidants to the solution. 
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Figure 5. Effect of sodium nitrite on the corrosion of titanium 
by 20 percent sulfuric acid at 60°: 1, 20 percent H5S0,, without 
stirring; 2, 20 percent HoS0) + 0.01 percent NaNOo, without stir- 
ring; 3, 20 percent Hos0) + 0.1 percent NaNOo, without stirring; 
4, 20 percent HoS0), with stirring; 5, 20 percent HoSO), + 0.01 
percent NaNOo, with stirring; 6, 20 percent HoS0) + 0.1 percent 
NaNOo, with stirring. 
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Figure 6. Effect of sodium nitrite on the corrosion of titanium 
by 20 percent sulfuric acid at 100°: 1, 20 percent Ho9S0),, without 
stirring; 2, 20 percent HoS0), + 0.1 percent NaNOo, without stir- 
ring; 3, 20 percent HoSO, + 1 percent NaNOo, without stirring; 

4, 20 percent HoS0,, with stirring; 5, 20 percent HoS0), + 0.1 per- 
cent NaNOo, with stirring; 6, 20 percent HoS0, + 1 percent NaNOo, 
with stirring. 


Our experiments showed that additions of sodium nitrite passivate titanium 
in 20 percent hydrochloric and sulfuric acid at 20 and 60°, and markedly de- 
crease the corrosion at 100°. The shift of the electrode potentials of titanium 
toward the positive side in the presence of nitrite was associated with a chem- 
ical passivation of the metal. 


Oxidants maintain the positive value of the electrode potential of titanium 
in 20 percent hydrochloric acid if they are adsorbed and subsequently .chemisorbed; 
they harden and preserve the protective surface film (ref. 18). 
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EFFECT OF NATURE OF OXIDANT ON THE CORROSION RATE AND ELECTRODE POTENTIAL OF 
TITANIUM IN HYDROCHLORIC AND SULFURIC ACID FOR A TESTING TIME OF 100 HRS. 


20 percent HCL 


20 percent H5S0), 


sae : Potential : Potential 
Additive, Corrosion Corrosion 
Oxidant ercent rate, mm/yr (relative to rate, mm/yr (relative to 
P » my NHE), V y taney NHE), V 


Temperature 20° 


We showed that, like other oxidants (refs. 1 and 9), sodium nitrite 
passivates titanium in acids for only a certain period of time which depends on 
the concentration of the oxidant and temperature of the experiment. During 
this period of time, the concentration of nitrite becomes sufficient to harden 
and preserve the protective surface film on titanium. In our experiments, fol- 
lowing exposure to acids containing sodium nitrite in a quantity sufficient for 
passivation, the surface of the titanium samples was gold in color, which led 
to the assumption that a layer of titanium dioxide was formed (ref. 2). 


A comparison of the corrosion values which we obtained in 20 percent 
solutions of hydrochloric and sulfuric acid at 20 and 100° with the dissolution 
rates calculated from the current densities of the potentiostatic curves (refs. 
6 and 18) showed that the effectiveness of the chemical passivation of titanium 
in the presence of sodium nitrite may be essentially of the same order as in 
the anodic passivation without an oxidant. 


It should be noted only that our experiments were conducted on one-piece 
unstressed titanium samples. It is possible that in the stress condition, the 
massive metal, the weld and the heat-affected zone behave differently under 
conditions of chemical and anodic passivation. The process of corrosion of the 
metal under conditions of chemical and anodic passivation may also have a dif- 
ferent course in narrow gaps, where, particularly in the presence of a small 
concentration of oxidant, various factors are operative which regulate the 
access of the reagent to the surface of the metal and the removal of the cor- 
rosion products (ref. 19). 


Our experiments have shown that electrochemical measurements make it possi- 
ble to establish the direction of the corrosion process (either toward activa- 
tion or passivation) in a shorter time than when the gravimetric method is used. 
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Summary 


1. Titanium VI1-l displays a satisfactory stability in 20 percent hydro- 
chloric and sulfuric acid at temperatures up to 10° and corrodes substantially 
at temperatures above 20°. 


2. Additions of certain sodium nitrite concentrations to hydrochloric and 
sulfuric acid impart a positive electrode potential sufficient for chemical pas- 
sivation to the surface of titanium. 


3. Sodium nitrite markedly decreases the corrosion of titanium by acids 
only under certain testing conditions. In order to provide for a satisfactory 
stability of titanium in 20 percent hydrochloric and sulfuric acid, it is 
necessary to add 0.01 percent NaNO» at 20° and 0.1 percent NaNO, at 60°. A 


pronounced inhibition of titanium corrosion in the presence of nitrite was also 
observed at 100°, but the weight loss of the metal at this temperature was 
nevertheless considerable. 

4, Equipment with working surfaces made of titanium VT1-1 can be used at 
temperatures up to 60° under conditions involving the use of hydrochlofic and 
sulfuric acid containing the optimum nitrite concentration. 
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STUDY OF THE USE OF TITANIUM ALLOYS IN THE CONSTRUCTION OF FOOD MACHINES 


F. N. Tavadze and T. A. Lashkhi 


The purpose of the present work was to continue (ref. 1) the investigation 
and to establish the possibility of the application of titanium alloys of the 
ATn series to the construction of food machinery. 

Since this branch of the industry requires a large number of scarce nickel- 
stainless steels, nonferrous metals and alloys, the search for their substitutes 
has assumed great importance in the national economy. 


Titanium alloys are new structural materials which, because of numerous 
valuable properties (high strength, low density, corrosion resistance in various 
media, etc.) can be successfully used in various branches of industry. Despite 
the high cost of titanium alloys, their use is growing every year in various 
branches of the national economy. . 


Another advantage of titanium alloys over steels is the length of the life 
of the equipment because of its high resistance to corrosion and wear. 


Experiments carried out earlier (ref. 1) showed a high corrosion resistance 
of the titanium alloys ATn in a number of technological and food media. Be- 
cause weld joints are usually employed in the manufacture of apparatus and equip- 
ment, the experiments were carried out on weld joints of alloys AT3 and AT8. The 
specimens to be tested, welded by argon arc welding, were obtained from the welding 
laboratory of the A. A, Baykov Institute of Metallurgy. 


The tests were conducted in a series of organic acids and technological 
solutions Kl and Vl corresponding to aggressive media employed in the canning 
and wine-making industry (table 1), both at room temperature and boiling tem- 
perature, and also in natural cherry plum juice, the most aggressive food medium 
(total acidity 2 percent, pH = 2.8). 


In addition to titanium alloys, stainless steel 1Kh18N9T and some experi- 
mental chromium-maganese steels were tested at the same time. 


The technique of the corrosion and electrochemical tests consisted in 
studying the samples and the reaction medium: the weight loss and the quantity 
of hydrogen evolved during the corrosion of the alloys were determined; the 
values of the electrode potentials were measured; polarization curves were 
plotted; the reaction medium was analyzed chemically after the test, and the 
pH was determined after the corrosion tests of the samples. The alloy samples 
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TABLE 1. CHEMICAL COMPOSITION OF TECHNOLOGICAL SOLUTIONS Ki AND V1. 
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were observed visually and were subjected to metallographic analysis before and 
after their corrosion tests. 


The results of 3000-hr corrosion tests of the weld joints of alloys AT3 and 
AT8 in various organic acids are shown in table 2. From this table it is evi- 
dent that on the corrosion resistance scale, the alloys are in the region of 
corrosion resistant values (TT < 0.13 mn/yr) in the case of oxalic and tartaric 
acid. In oleic, tartaric, acetic and lactic acid the corrosion of the alloys is 


equal to zero. 


The results of corrosion tests of welded titanium samples in technological 
solutions Kl and V1 (table 3) and the kinetic curves of the corrosion process 
(fig. 1) show that the samples in the technological solution Kl are subjected 
to a relatively high corrosion. This difference is particularly noticeable 


during the initial period of the test. 


The electrode potentials of the investigated titanium alloys AT8 gradually 
shift toward the positive region (fig. 2), which is in agreement with the results 
of the corrosion tests. 


In order to establish the influence of atmospheric oxygen on the hardening 
of the protective film, the electrode potentials of the alloys were measured 
both in the stirred and unstirred solution. In the stirred solution, the value 
of the potential is located in a more positive region (fig. 2, curve 2). This 
indicates an increase in the protective properties of the surface film of 


alloy AT8, 


The presence of a protective film on titanium alloys is also indicated by 
the values and course of the polarization curves obtained for alloy AT3 in the 
technological solution Kl (fig. 3). An analysis of the curves shows that an 
appreciable inhibition of anodic reactions takes place in this case (anodic 
passivity), which reaffirms what was stated above. 


As expected, the experiments carried out on the welds of alloys AT3 and ATS 
showed that in this case hydrogen is evolved in insignificant amounts. 


A chemical analysis of the media is shown in table }. 


TABLE 2. RESULTS OF CORROSION TESTS IN VARIOUS ORGANIC ACIDS 
(FOR A CORROSION RESISTANCE INDEX OF 1}. 


Corrosion, g/m* hr 


Penetrability of 
corrosion, mm/yr 


AT3 oxalic acid O.O11L5 
ATS oxalic acid 0.0172 
acetic acid 0.0142 


TABLE 3. RESULTS OF CORROSION TESTS OF WELDED PARALLEL SPECIMENS OF 
TITANIUM ALLOYS AT3 AND ATS (FOR A RESISTANCE INDEX OF 1). 


Penetrabil- Penetrabil- 
Corrosion|ity of cor- 
g/mm“, hr} rosion, 


mm/yr 


Alloy 


AT3 | 0.0001 
AT3 | 0.0004 
AT3 | 0.0001 
AT3 | 0.0008 
AT3 | 0.0001 
AT3 | 0.0002 


TABLE 4. RESULTS OF CHEMICAL ANALYSIS OF THE REACTION MEDIA. 


Content of element, mg/1 


_ ep ef mf ot _— 
AT3 and ATE8 45.0 solution of V1 
AT3 and AT8 93.80 -- -~ solution of K1 
Chromium-manganese| 893.4 42.5 | 248.0 solution of Kl 


The data of table 4 indicate that titanium ions do not pass into solution, 
and that the solution is enriched only with aluminum and iron ions. As should 
have been expected, in the technological solution Kl in which the samples under- 
went an intensive corrosion, the quantity of iron and aluminum ions which had 
passed into solution was greater than in the technological solution Vl. In 
solution Kl, the corrosion of the chromium-manganese alloy is several times 
greater than that of alloys AT3 and ATS8. 
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Figure 1. Corrosion resistance of welded specimens 
of alloys AT3 and AT8: 1, AT3 in solution K1; 2, 
AT3 in solution V1; 3, AT8in solution V1; 4, ATS in 
solution Kl. 
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Figure 2. Change in the electrode potential of alloy 
ATS in solution Kl: 1, without stirring of the solu- 
tion; 2, with stirring of the solution. 


The results of tests in natural cherry plum juice are shown in table 5. 


The tested alloys were found to be highly stable in cherry plum juice. 
Particular mention should be made of samples of alloy AT8 alloyed with a large 
quantity of aluminum. A study of the corrosion resistance of specimens of 
welds of alloys AT3 and AT8 was carried out at the boiling point in the tech- 
nological solution Kl in order to determine the possibility of their use in 
the canning industry. The corrosion of the samples was studied while the alloys 
were immersed in the solution as well as in the vapor. 


The results of the tests (table 6) showed that the tested alloys were not 
stable under these conditions (high weight loss). A metallographic analysis of 
the samples was performed before and after their testing. 


As can be seen from the photomicrographs of the polished sections before 
the testing (fig. 4), the weld-metal zone is characterized by a coarse-grained 
structure, the zone before the weld has a less coarse-grained structure, and 
the end of the zone has a fine-grained structure, 
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Figure 3. Polarization curves 
for alloys AT3 in solution Kl. 


Figure 4. Microstructure of welded joint of alloy AT3, x 150: a, seam; 
b, beginning of heat-affected zone; c, end of heat-affected zone. 
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TABLE 5. RESULTS OF CORROSION TESTS OF PARALLEL SPECIMENS OF TITANIUM 
ALLOYS IN NATURAL CHERRY PLUM JUICE. 


Specimen| Corrosion, Penetrability Specimen} Corrosion, Penetrability 
number /mn2 hr of corrosion, number /m2 hr of corrosion, 
© 6 mm/yr é mn/yr 
Alloy AT3 Alloy AT8 
1 L 0.00002 0.00003 
2 2 0.00004 0.00007 
3 3 0.00004 O, 00007 
\ y 0.00013 0.0002} 


TABLE 6. RESULTS OF CORROSION TESTS OF WELDED SPECIMENS OF TITANIUM ALLOYS 
AT THE BOILING POINT IN SOLUTION Kl. 


Corrosion,| Penetrability, | Corrosion 
mney | g/m hn resistance — 


AT3 unstable |specimens immersed in solution 
AT3 | unstable |specimens in vapor of solution 
ATS unstable ispecimens immersed in solution 
ATS stable specimens in vapor of solution 


On the photomicrograph of alloy AT3, taken after testing for 250 hrs at 
the boiling point with complete immersion of the samples (fig. 5), an inter- 
crystalline character of the corrosive attack is observed in the weld-metal 
zone, Areas of intense corrosion are located along the grain boundaries (fig. 
5a). At the origin of the heat-affected zone, the structure of the alloy was 
more fine-grained, had the appearance of an "erosion grid," and an intercrystal- 
line failure of the alloy was observed (fig. 5b). At the end of the heat- 
affected zone (zone immediately adjoining the base metal), less intercrystalline 
attack was observed (fig. 5c). Results of testing of the same samples in the 
vapor of the solution showed that their corrosive attack takes place to a 
lesser extent than in the solution. 


Under the conditions investigated, alloy AT8 was found to be less resistant 
to corrosion than alloy AT3. This is also supported by an analysis of photo- 
micrographs of the polished sections (fig. 6). Samples of alloy ATS (fig. 6a) 
show both intercrystalline and considerable pitting corrosion of the alloy. 

This is also characteristic of all three weld zones considered. Tests of alloy 
AT8 in the vapor showed less corrosive attack than in the case of immersion, 
but the damage to alloy ATS was greater than to alloy AT3. 


After the corrosion tests, a chemical analysis of the reaction medium was 
performed (table 7). 
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Figure 5. Microstructure of welded joint of alloy AT3 
with complete immersion of specimens, x 150: a, seam; 
b, beginning of the heat-affected zone; c, end of the 
heat-affected zone. 


The analysis showed that the greatest quantity of titanium ions had passed 
into the medium from alloy AT8. 


During the corrosion testing of titanium alloys in solution Kl, we observed 
that during the initial period (the first 2 hrs) the solution turned yellow, 
darkened gradually, then turned dark-brown in 4 hrs. To elucidate the cause of 
the change in the color of the reaction medium, we conducted three parallel ex- 
periments. In the first, solution Kl was boiled without immersing the. samples. 
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Figure 6. Microstructure of welded joint of alloy AT8 
with complete immersion of specimens, x 150: a, seam; 


b, beginning of heat-affected zone; c, end of heat- 
affected zone. 


The experiment showed that the color of the solution remained practically un- 
changed. In the second experiment, pure metallic titanium was immersed into 
Kl, while in the third, pure metallic aluminum was immersed. 


Experiments with metallic aluminum also showed that the color of the solu- 
tion did not change. Tests with metallic titanium showed a change in the color 
of the solution similar to the one described above. Consequently, the change 
in the color of the reaction mixture was caused by titanium ions which had 
passed into solution Kl as a result of the corrosion of the alloys. Measurements 
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TABLE 7. RESULTS OF CHEMICAL ANALYSIS OF SOLUTION Kl AFTER 
CORROSION TESTS (250 HRS OF BOILING). 


Quantity of ions, g/l 


Material 


AT3. 2. 2 6 6 ew ew ew 
ATB, 2 6 we ee ew 
titanium. .... 
aluminum . . . 2 « e 
steel 1Kh1I8NOT ... 
chromium-manganese 
Khe5G1l5. . . . 


of the pH of the solution before and after the tests showed that whereas prior 
to the test the pH of the solution was 0.9, after the corrosion of alloy AT3 
the pH became 1.1, and after the corrosion of alloy AT8, rose to 2, It is 
obvious that the more titanium ions pass into the solution, the higher is the 
pH. This is in good agreement with the results obtained. 


Also tested were multicomponent high alloys of type AT2 in 10 percent 
formic acid both with and without stirring of the solution. 


Results of the corrosion tests showed an absolute stability of these alloys 
under the testing conditions. It should be noted only that the corrosion resist- 
ance of these alloys is most favorably affected by complex alloying with molyb- 
denum and vanadium, then with zirconium and vanadium, and that a less favorable 
effect is that of complex alloying with zirconium and molybdenum. 


Let us examine the results of electrochemical investigations (figs. 7 and 
8). The curve representing the variation in the electrode potential with time 
is located in the positive region of potentials and remains nearly unchanged 
with time (fig. 7). The polarization curves indicate a marked inhibition of the 
anodic and cathodic reactions (fig. 8). The nature of the variation in potential 
and of the polarization curves is in good agreement with the results of the 
corrosion tests of these alloys. 


Summary 


lL. The absolute corrosion resistance was established for weld joints of 
titanium alloys AT3 and AT8 at room temperature in oleic, oxalic, tartaric, 
acetic, and lactic acid, natural cherry plum juice, and in the technological 
solutions Kl and V1. 


2. Chemical analysis of the reaction medium established that during the 


corrosion of titanium alloys at room temperature, no transfer of titanium ions 
into this medium takes place. 
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3. Electrochemical investigations confirmed the results of the corrosion 
tests: 


(a) The values of the electrode potentials shift toward the positive 
region with time; 


(b) The nature of the polarization curves indicates a considerable 
inhibition of the anodic reactions (anodic passivity). 


4, Results of tests with stirring of the solutions showed that the pro- 
tective film on titanium alloys becomes denser with time. 


5. At the boiling point, a considerable corrosion of the titanium alloys 
was observed in solution Kl. 


6. A metallographic investigation established the presence of inter- 
crystalline and pitting corrosion of the weld joints of titanium. 


7. Titanium alloys ATen were found to be absolutely stable in a solution 
of 10 percent formic acid in tests with and without stirring of the solutions. 
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PART III. MECHANICAL AND TECHNOLOGICAL PROPERTIES 
OF TITANTUM ALLOYS 
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STRENGTH OF INTERATOMIC BONDING OF SINGLE-PHASE 
ALLOYS IN THE SYSTEM Ti - Nb - Cr 


K. I. Shakhova and P. B. Budberg 


The strength of the interatomic bonding of the crystal lattice of metals 
and alloys may be characterized by various quantities: heat of sublimation, 
heat of melting, heat of solution, elastic constant, root mean square dis- 
placement of atoms at the lattice points and other parameters (ref. 1). 


A relationship was established between the modulus of normal elasticity 
K and shear modulus G of pure metals and metallic compounds, on the one hand, 
and the characteristic temperature 9°K on the other (ref. 2). It was shown 
that the dependence between the elastic properties and the characteristic 
temperature also extends to single-phase alloys with Poisson's ratio uw = 


0.25-0.45 (ref. 3). 


In the present work, an estimate of the interatomic bond in single-phase 
alloys of the ternary system Ti - Nb - Cr was made. 


The elastic constants of B and y alloys were determined by an electronic 
method with the "Elastomat" unit! which made it possible to obtain the 
elastic characteristics within 1-1.5%. The specimens used were cylindrical 
rods 80-100 mm long and 6-8 mm in diameter melted in an arc furnace and cast 
in a vacuum. 


The phase diagram of the system Ti - Nb - Cr at temperatures of 1000-600° 
was studied by the authors of the present article (ref. 4), who established 


that the compounds Ticr, and NbCr,, in the temperature interval studied form 


a continuous series of solid solutions with a crystal lattice of MgCu,, type , 


i.e., the y phase. The isothermal section of the system at 1000° is shown 
in figure l. 


The study of the elastic constants of the alloys was made after quench- 
ing from 1000° the sections with ratio Ti: Nb = 4:13 43:23; 2:33; 1:4. The 
results obtained are shown in table l. It follows from this table that in 
passing from the single-phase region of B alloys to the two-phase Bp + y 
region, the constants EF and G increase considerably. 


Ime determination of the elastic constants was carried out in cooperation with 
S. G. Fedotov. 
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Figure 1. Isothermal section of the diagram of the 
system Ti - Nb - Cr at 1000°. 


In alloys of all the sections with a content of 50 percent Cr in which the 
y phase becomes predominant (fig. 1), the modulus of normal elasticity attains 
values of (16-21) x 103 kg/mm-. It follows that the modulus of normal elasticity 
of solid solutions of metallic compounds is considerably higher than that of 
solid solutions of the pure components of the B phase. The values obtained 
for the elastic constants of the alloys made it possible to calculate the 
characteristic temperatures 9 and the root-mean-square displacements of the 
atoms from the equilibrium position in the crystal lattice for solid solu- 


tions of metals and metallic compounds at O°K Va and 293°K V a5 


The characteristic temperature was calculated from the following re- 
lations : 


5 _, 1-6818-10° YF (1) 
Alogi ls , 


where E is the modulus of normal elasticity, ke/om@ x 10°; A is the average 
atomic weight; d is the density, g/om>; 


Mac'ls, (2) 


0 ah (4 
~ bk 4nd 


where h = 6.62377-10°-2?! erg sec is Planck's constant; k = 1.380257 x 1926 


erg/deg is Boltzmann's constant; N, is Avogadro's number; c is the average 
propagation rate of vibrations, given by the expression 


22), 


3 1,2 
c3 ee 3 + co  ] 
C7 | — 


with 
E. G 
a= =; c= VS. 


The root-mean-square displacements of the atoms were determined from the 
Debye-Weller relation, which has the following form: 


rir) 4 Dlr) 
6h? a _ 4.30-10-14 r _ 
og" 4 ~~ og "4 (3) 
—, FT _| _ TT 7 
a re 
mM gkO > 1 


where m= 1.6724+1072# is the mass of the hydrogen atom. 
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Figure 2. Dependence of Ve and Ho93 On the compositic 


of the B solid solutions of the system Ti - Nb - Cr. 


225 


TABLE 1. CHANGE IN THE ELASTIC CONSTANTS OF ALLOYS 
OF THE SYSTEM Ti - Nb - Cr ALONG SECTIONS... 


Composition Elastic constants 
Section WNo.icr, % wt] &, 7 fv? G, «P/aat | p 
T(Ti: Nb = 4:4) 5 7 877 2 890 0.361 

10 8 100 2997 0.3/1 
1d 8 740 3100 0.321 
20 9 340 44129 0.358 
30 12018 4881 0.255 
40 43 607 5 383 0.264 
45 16 533 6 558 0.321 
50 16 620 6 881 0.295 
I] (Ti:Nb=8: 2) 5 8 050 3 100 0.354 
10 8 540 3 240 0.356 
15 10691 3 940 0,256 
20 11 968 4475 0.337 
30 42 106 4551 0,33 
40 14 088 5 383 0.327 
20 17 020 5 908 0.321 
III (Ti: Nb=2:3) 5 40400 — — 
10 41 200 — — 
20 11 952 — — 
30 13 030 — — 
IV (Ti:Nb=1:4) 5 40 095 — — 
40 11 835 — — 
20 12127 — — 
30 14.503 — — 
35 14 720 — — 
0 
D (7) 


The values of the function were taken from the table given in 


oO 
[ 
reference l. 


The values of 6 as a function of the alloy composition, calculated from 
formulas (1) and (2), were in practically complete agreement. Thkey are shown 


in table 2. The same table gives values of Vea and Vy2,, for single-phase 
alloys of the system, determined by means of formula (4). 
The data of table 2 were used to plot the curves of the dependence of 


Vaz and VYy2,, on the composition of the alloys (fig. 2). As the chromium content 
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TABLE 2. VALUES OF 9 Vi2, Vu2,, FOR B SOLID SOLUTIONS OF THE 


SOLUTIONS OF THE SYSTEM Ti - Nb - Cr ALONG SECTIONS AT QUENCH- 
ING TEMPERATURE AT 1000°. 


Com osition | oe V2 
Section No.Cr,wt%| ” - Ug» A 


Ugggs A 
I (Ti:Nb = 4:4) 5 295 0.0802 0.41684 
10 305 0.0789 0.4600 
15 316 0.0766 0.1570 
20 327 0.0764 0.1534 
Il (Ti:Nb = 3:2) 5 276 0.0789 0,1625 
10 239 0.0762 0,1543 
15 327 0.0749 0.1439 
III (Ti: Nb= 2:3) 5 277 0.0728 | 0.1508 
10 290 | 0.077162 | 0.1444 


278 0.06870 0.1414 


TV (Ti: Nb =1:4) 


in the 6 solid solution increased, both Vie and V y2,,. decreased, indicating 


the influence of chromium on the increase in the interatomic bonding forces 
in the solid solution. As the limit of saturation of the solid solution was 


approached, values of Vi and V 22,5 reach their minimum (fig. 2, top). 


Niobium has a much weaker effect on the interatomic forces than chromium. 
The role of chromium in increasing the strength of the interatomic bond with 


rising temperature is particularly apparent, since the qua:tity V ths de- 
creases more rapidly than Vie as a function of composition (fig. 2, bottom). 


It was of interest to evaluate the strength of the bonding in solid solu- 
tions of the metallic compounds Ticr,, and NbCr,, i.e., the y phase. 


This could be done only by extrapolating the values of the elastic con- 
stants to the composition of alloys corresponding to single-phase B solid 
solutions. The extrapolation was necessary because of the high brittleness of 
the. solid solutions of the compounds and the impossibility of preparing samples 
from them. 


(aad | 


The calculated values of 6, Vue and V x,, for single-phase alloys of the 


section TiCr,-NbCr,, as a function of composition are shown in table 3. 


TABLE 3. VALUES OF 9 Vu, Vu2,, OF ALLOYS OF THE SECTION 


Ticr,-Noer,, AT QUENCHING TEMPERATURE OF 1000°. 


V ig: A 


Composition, at. % _ 


VE. A 


cr | mi | Nb 

66 437 0,06731 0,1300 
66 443 0,06387 0,1225 
66 445 — 0,06197 0,1192 
66 464 0,05882 | 0,1148 


From the table it follows that an increase in the content of niobium in 
the y solid solution leads to a rise in the characteristic temperature and a 


decrease in the values of Vie and V y2,, » 1.€., to an increase in the bonding 


forces in the lattice of the y phase as its content of niobium increases. 


In the alloys of the section Ticr,,-NbCr,,» no estimate can be made of the 
influence of chromium on the change in the interatomic bonding forces, since 
the chromium content is practically constant in all of the alloys studied. 


From the regularities in the change of 8, Vis V ay, in the solid solutions 


of metals and compounds of the B and y phases of the system Ti - Nb - Cr 

(table 2 and 3), it follows that the strength of the bonding in the solid solu- 
tion of metals is less than in the metallic compounds. The weakening of the 
bonding forces in the solid solutions of metals with rising temperature is 

also more significant than in the solid solution of metallic compounds; this 


follows from a comparison of the ratios V 253: V v2 5 which are equal to 


2.02-2.0h for the B phase and 1.88-1.93 for the y phase. 
The conclusions drawn with regard to the influence of chromium and nio- 


bium on the strength of the bond in B and y solid solutions is confirmed when 
the hot hardness of the alloys is investigated. 
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Figure 3. Change in the hardness of alloys of 
the system Ti-Nb-Cr with temperature: a, sec- 
tion I; b, section IV. 


The determination of the hot hardness is one of the methods of estimating 
the strength of alloys.at high temperatures. Alloys of section I containing 5, 
1O and 20 percent Cr practically preserve their hardness up to hoo°, above 
which a monotonic decrease in hardness begins up to 1000°. The alloys with 
55 percent Cr, whose structure consists of a y solid solution with a certain 
amount of the B phase, retains a high strength (250 kg/mm ) up to 1000°. It 
should be noted that a softening of this alloy begins at a temperature above 
700°. Up to this temperature, the decrease in the hardness of the alloy is 
approximately 16 percent (fig. 3a). 


Alloys of section II with 5, 10 and 15 percent Cr begin,to soften con- 
siderably at temperatures above 500°, while alloys with 50 and 60 percent Cr do 
so above 800°. 


From the standpoint of the nature of the change in hardness with tem- 
perature, the alloys of section III are analogous to the alloys of section Il. 
Only the alloy of section III with 60 percent Cr deserves some comment. Struc- 
turally, this alloy is a y phase containing a very small amount of the B phase, 
and it retains a high value of the hardness (650-510 kg/mme) over the entire 
temperature range studied. 


Among the alloys of section IV, the alloy with 5 percent Cr retains its 
initial hardness up to 400-5009, above which softening takes place (fig. 3b). 
The alloy with 50 percent Cr is characterized by minimum softening: its 
hardness changes from 800 to 600 kg/mm@ during heating to 1000°. 


Analyzing the data on the change in the hot hardness of the alloys, one 
can see that the single-phase B solid solutions soften to a greater extent than 
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the y phase on heating. Chromium (in 6 alloys) and niobium (in y alloys) have 
a favorable effect on the increase in hot hardness. 


The results obtained confirm the conclusion reached earlier from the analy- 
sis of the root-mean-square displacements of the atoms at O and 293°K concern- 
ing the greater interatomic bonding strength of solid solutions of metallic 
compounds and their lesser softening tendency with rising temperature. 


Summary 


1. Elastic constants of the alloys after quenching from 1000° were deter- 
mined. 


2. Values of the characteristic temperature and root-mean-square displace- 
ments of atoms at O and 293° K for single-phase B and y solid solutions were 
calculated. 


4. The predominant role of chromium in hardening the 6 solid solutions 
and of niobium in hardening the y phase was demonstrated. 


4h. The established regularities were confirmed by studying the hot hard- 
ness of the alloys. 
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STUDY OF THE CREEP OF ALLOYS IN THE 
SYSTEM Ti-V-Nb-Mo 


I. I. Kornilov, 0. K. Belousov and V. S. Mikheyev 


Vanadium, niobium and molybdenum are important alloying elements of titanium 
alloys. The introduction of these elements into titanium in amounts not exceed- 
ing the solubility limit of a-Ti causes an increase in ultimate strength and 
preserves the high indices of elongation, reduction of area, and impact strength 
(refs. 1-4). In addition, one can expect a substantial increase in the high- 
temperature strength in the region of single-phase 8 solid solutions of titanium 


with these elements (refs. 5-9). 


One of the lines of investigation in the study of problems of high-tempera- 
ture strength is the analysis of the dependence of creep and stress-rupture 
strength on the character of the chemical interaction between metals and other 
elements of the periodic system, on the equilibrium factors in the systems, the 
phase and structural state, and crystal-chemical reactions. 


The quaternary system Ti-V-Nb-Mo was studied in ref. 10. It is character- 
ized by the presence of a volume of a limited Q), solid solution, a wide region 
of Q), + By phases, and a wide region of B), solid solutions (fig. 1). 


\} 


Wy 


M0 


Figure 1. Phase diagram of alloys of 
the system Ti-V-Nb-Mo at 600°. 
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A study of the high-temperature strength of this system was carried out by 
the centrifugal method (ref. 11). The testing for high-temperature strength 
was done in three stages. In the first stage, the specimens were tested at 500° 


and an initial stress of 15 kg /mm= for 100 hrs; in the second stage, the trans- 


verse stress was increased to 20 ke /mm= and the testing was continued for 
another 100 hrs. In the third stage of the testing, the temperature was raised 


to 600° at a constant stress of 20 kg/mm, and the testing was continued for 
another 100 hrs. Thus, the total testing time was 300 hrs at a stress of 15-20 


ke/mm© and temperatures of 500 and 600°. This complex mode of testing was 
adopted, in the first place, for the purpose of a comparison with the results 

of references 5, 6 and 9 pertaining to the high-temperature strength of binary 
and ternary systems of titanium with vanadium, niobium, and molybdenum, and in 
the second place, because of the great difference between the high-temperature 
strength of titanium alloys based on limited Cy, solid solutions and the strength 


of By, solid solutions with a high content of alloying elements. 


The alloy specimens were prepared along four radial sections (fig. 1) with 
the following ratios of alloying elements in each of them: V:Nb:Mo = l:1l:1 
(section I); Mo:d (V, Nb) = 2:1 (section II); Nb:X (V, Mo) = 2:1 (section III; 
V:= (Nb, Mo) = 2:1 (section IV), up to a total content of alloying elements of 
50 wt percent. 


The following materials were used to prepare the alloys: titanium sponge 
TGOO of 99.8 percent purity, carbothermic vanadium of 99.82 percent purity, 
niobium of 99.4 percent purity, and molybdenum of 99.9 percent purity. The 
alloys were melted in an are furnace in an argon atmosphere and cast in copper 
ingot molds 8 mm in diameter, then forged to a diameter of 6 mm from 900°. The 
alloys were vacuum-annealed for 20 hrs at 750°, 50 hrs at 7009, and 150 hrs at 
600°; furnace cooling to 200° lasted 2 hrs. 


An analysis of the dependence of the bending deflection 6 on the duration 
of the deformation under the same testing conditions of the alloys (fig. 2) 
makes it possible to state that the alloys of these sections behave differently. 
The highest creep rate will be that of pure titanium, which under the selected 
conditions reaches a bending deflection of 5 mm in the first few minutes of the 
test (fig. 2a). 


In the first few hours of the test, a rapid increase is observed in the 
creep rate of alloys containing small amounts of the alloying elements, cor- 


responding in composition to dilute qd), solid solutions of titanium. A higher 


resistance to plastic deformation is displayed by alloys located near the 
limit of saturated Ql), solid solutions at this temperature, but in both cases a 
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200 250 =F00 
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d 
Figure 2. Curves of the creep of titanium and titanium alloys 
of the system Ti-V-Nb-Mo. Testing stages: I, t = 500°, 
o = 15 ke/mm®; II, t = 500°, o = 20 kg/mm; IIT, t = 600°, 


o = 20 kg mm. a, section I, content X(V, Nb, Mo): 1, 2.4 per- 
cent; 2, 4.2 percent; 3, 20.1 percent; 4, 33.0 percent; 5, 50.1 
percent; b, section II, content X(V, Nb, Mo): 1, 1.5 percent; 

2, 2.4 percent; 3, 8.1 percent; 4, 20.1 percent; 5, 30 percent; 
ec, section III, content X(V, Nb, Mo): 1, 3 percent; 2, 4.2 per- 
cent; 3, 15 percent; 4, 26 percent; 5, 40.2 percent; 6, 50.1 
percent; d, section IV, content x(V, Nb, Mo): 1, 2.1 percent; 
2, 8.1 percent; 3, 40.2 percent; 4, 50.1 percent. 


pronounced softening of the alloys takes place during the second stage of the 


testing (ao = 20 kg/mm and t = 500°). The highest resistance to plastic deforma- 
tion was exhibited by alloys from the region of By), solid solutions. The creep 


rate of these alloys at 500° and o = 15-20 kg/mm in 200 hr of testing in the 


second portion of the creep curve is close to zero, but at 600° the creep of 
these alloys increases abruptly. 


On the basis of data obtained by studying the creep of alloys of the 
quaternary system, "composition - high-temperature strength" diagrams were 
plotted indicating the dependence of the time necessary for reaching a given 
bending deflection of 3, 5 and 10 mm (fig. 3) on the composition under certain 
given conditions. The graph also shows polythermal sections in the region of 


233 


‘AI uoT}0es ‘Dp fITI uotqoes fo {TT uoTqoes ‘q fT uoTz0es ‘e f_lmm/S¥ og = © ‘009 = 4 


cS 


“TIT ‘ lmu/sy og = © 6,006 = 4 ‘II + wu / SH ST = 9 £,006 = 4 ‘I :se8eqs SuTysaI, 


oC 


"OW" GN-A-TL weqshs a9 go skOTTe FO uoTtAtsodwmos sy. uO (Wm OT pue ¢ ‘C) UOT. 
-OeTJop BSUTpPued UsATS e Sutyoeer soz ArTessoosu sut4 29 fo souepuedeq °f sumnBtz 


OW ON ATY OWON AZ % OWON AT% OWON AZ% 
G5 0% GE Oe wl 05 097 GF OG wl GS 09 GF O2 Wt OS @97 GE Of UO 


WEY 
Vans 


f 
/ X NN N NS; 
1 ! A \ 002 \) ~ | \S 


\ 


N 


yp 
Wi 


e Wy 


| WAX 


Y 
pe 


NX 


23h 


polymorphic transformations. The shaded portion of the diagrams indicates the 
regions in which either the solution of the B phase (a ~ a+ 6 boundary) or its 
precipitation (a + B > B boundary) is possible at 500°. Such an extrapolation of 
the curves of the polymorphic transformation into the region where the diffusion 
processes occur very slowly is possible, as was shown in the study of the phase 
diagrams of the binary systems of titanium with molybdenum and niobium (ref. 12). 
In the limited region of the Oy, solid solution, the high-temperature strength 


increases with rising total content of the alloying elements. The elevated high- 
temperature strength under the selected testing conditions corresponds approxi- 
mately to the solubility limit of the Oy, solid solution. The most pronounced 


increase in high-temperature strength in the Q region is observed in alloys of 
section II (with a higher molybdenum content). This element, which is chemically 
more different from titanium than are vanadium and niobium, hardens Q-Ti to a 
greater extent. The high-temperature strength decreases in the two-phase region. 
This is most pronounced in the alloy of section IV with a high vanadium content, 
while the greatest strength in the two-phase region is displayed by alloys of 
section II. As is evident from the figures, bending deflections of 3, 5 and 10m 
in the @ region are reached by almost all the alloys during the first testing 
stage, and only in the case of alloys of section II is it necessary to raise the 


stress to 20 kg/mm at 500° in order to reach a bending deflection of 10 mm. The 
alloys of section I also show a considerable increase in high-temperature 

strength in the @ region, but to a somewhat lesser extent than alloys of section II 
(with a higher molybdenum content). This can probably be explained by a high 
content of vanadium atoms in alloys of this section (in terms of atomic percent), 
which, as was shown in ref. 5, has almost no effect on the increase in the high- 
temperature strength of @-Ti under the selected testing conditions. 


Deformation of the alloy with 33 percent of the total alloying elements of 
radial section I begins only in the third stage of the testing, at 600° and 


o = 20 kg /mmn® Alloys of this region, based on B solid solutions, display a high 
strength. In alloys corresponding to compositions located in the shaded area on 


the diagrams, at 600°, the second phase (@ phase) which precipitated during the 
slow furnace-cooling of the alloys after annealing at 600° and testing at 500°, 


and which was not able to dissolve completely during the tests at 600°, is still 
present. This alloy (fig. 4) still contains a significant amount of the finely 
dispersed @ phase. Alloys of the single-phase B region show a further increase 

in high temperature. strength as compared to the two-phase alloys; this is particu- 
larly apparent from the example of alloys of section IV. Alloys of section II. 
(with 36 percent of total alloying elements) were relatively brittle and did not 
withstand the given bending stress. 


As shown in the figures, the "composition - high-temperature strength" dia- 
grams agree satisfactorily with the change in the phase equilibrium along the 
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sections of the system. The formation of & solid solution causes an increase 
in high-temperature strength. In the two-phase region, as the coagulation of 
the B phase proceeds, the high-temperature strength declines. Alloys in which 
the phase boundary is extensive are the most unstable. Even in alloys with a 
high total content (20 and 30 percent) of alloying elements, the. high-tempera- 
ture strength is lower than in single-phase @ and B alloys. This may be 
attributed to the strong influence of the decrease in the temperature of the 
polymorphic transformation @ + B ~ 8 on the high-temperature strength. As was 
shown in refs. 5-6 and 13-14, the polymorphism has an appreciable effect on 
the increase in plasticity upon the conversion from the hexagonal to the cubic 
structure with a higher lattice symmetry. The coagulation of the @ phase 
along the boundaries and grain of the B phase and the lower temperature of its 
transformation into the B phase make the lattice of the @ phase unstable and 
weaken the interaction at the phase boundary. In the finely dispersed state, 
the Q@ phase hardens the alloy somewhat, but the alloys of the equilibrium fp 
phase display the greatest high-temperature strength under the given testing 
conditions. 


Figure 4. Microstructure of alloy with 40.2 percent 
x(V, Nb, Mo) - section I after testing at 600° and 


o = 20 kg/mm x 1350. 


In absolute values of the time: necessary for reaching a given bending de- 
flection (5 and 10 mm), our data are somewhat lower than those cited in refs. 5 
and 6, obtained by studying binary and ternary systems of titanium with vana- 
dium and niobium. This may be explained by the fact that the specimens pre- 
pared in refs. 5 and 6 by the powder-metallurgical method contained a consider- 
able amount of dissolved gases, particularly oxygen, which substantially 
hardens titanium. Thus, for example, in order to reach a lO mm bending deflec- 
tion in pure titanium, it is reported in ref. 5 that about 20 hr were required 


at 500° and o = 20 kg/mm“, whereas in our case titanium TGOO softened as early 
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as the first few minutes of testing under the same conditions. Furthermore, in 
refs. 5 and 6, use was made of vanadium containing 1.2 percent Al and a signifi- 
cant amount of dissolved gases. 


The data obtained for the dependence of the high-temperature strength on 
the composition and phase structure make it possible to conclude that all the 
alloys of the @ region of the quaternary system Ti-V-Nb-Mo soften rapidly at 


500° and o = 15 kg/mm and cannot be used as heat-resistant alloys for long 
periods of operation under the selected conditions. 


Molybdenum, introduced within the limits of its solubility in a-Ti, is the 
most useful additive for increasing the high-temperature strength of such 
alloys. Alloys from the region of 8), solid solutions can be used as heat- 
resistant alloys. 


The data obtained confirm the results of ref. 8 on the nature of the 
change in high-temperature strength in systems with Limited solubility in the 
solid state and polymorphism in one of the components. 
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CHARACTERISTICS OF THE COLD BRITTLENESS OF TITANIUM 


B. B. Chechulin and M. B. Bodunova 


Tntroduction 


The appearance of the cold brittleness of metals is one of the most 
dangerous phenomena in practical applications. Many studies have been devoted 
to the nature of cold brittleness and impact brittleness of metals, particularly 
steels. Nevertheless, the purely physical factors causing some metals to be 
cold short but not others have not been established as yet (ref. 1). It should 
be noted that the cold brittleness of iron-base alloys has been studied fairly 
thoroughly. The influence of various factors on cold brittleness has been de- 
termined, and several formal mechanisms have even been proposed to explain the con- 
ditions of the appearance of brittleness in steel. On the other hand, the cold 
brittleness of other metals has been studied very insufficiently. It is our 
view that the nature of the cold brittleness of metals can be determined only 
from extensive experimental material obtained for the most diverse metals. — 


Studies have shown that the cold brittleness is characteristic of metals 
having a body-centered cubic (iron, chromium, etc.) or hexagonal (zinc, ti- 
tanium, etc.) crystal lattice. However, the regularities of cold brittleness 
as such have been studied only in iron alloys, whereas for many other metals 
only the fact of the appearance of brittleness under certain conditions has 
been mainly established. 


The present work discusses certain features of the transformation of 
technically pure titanium into a cold short state and analyzes the dependence 
of the appearance of brittleness in titanium on various external factors: ex- 
tent of the stress condition, deformation rate, and size of specimens. 


Material Used and Experimental Technique 


The investigation was carried out on technically pure titanium obtained 
by remelting magnesiothermic titanium sponge in vacuum arc furnaces. Three 
melts of titanium were used which after the preparation of the ingots were 
forged into bars of round (14% mm in diameter) or square (14 mm on one side) 
cross sections which were machined with a wheel until their transverse dimen- 
sion was 10 mm. The machined specimen blanks were subjected to prolonged 
vacuum annealing at 750° in order to achieve a well-annealed equilibrium struc- 
ture and the maximum possible elimination of volatile gaseous impurities 
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(chiefly hydrogen) from the metal. The chemical composition and mechanical 
characteristics of the metal employed are shown in table l. 


The cold brittleness of titanium is chiefly due to the so-called hydrogen 
brittleness (ref. 2). For this reason, the specimen blanks were enriched with 
hydrogen in separate batches to various degrees in a special unit at 700°. 


The hydrogen content of the specimens was raised in steps from 0.002 to 
0.06 wt percent. 


The main experiments involving the determination of the temperature thresh- 
old of brittleness of titanium and the dependence of the temperature threshold 
on the sharpness of the notch were conducted on cylindrical specimens. The 
smooth specimens were 7 mm in diameter and 55 mm long. The notched specimens 
(having a round notch) had an outer diameter of 10 mm and a diameter in the 
notch of 7 mm. The influence of the deformation rate on the critical tempera- 
ture of brittleness was studied on prismatic Menager specimens, and the scale 
effect was studied on prismatic specimens geometrically similar to Charpy 
specimens. The testing of the specimens was carried out by bending impact on 
Charpy impact machines and by static bending in special attachments at a punch 
displacement rate of 0.1 mm/sec. The impact strength was determined in tests 
of cylindrical specimens, and in testing Menager and Charpy specimens, in ad- 
dition to measuring the energy to fracture, the Stribeck deformation character- 
istic, i.e., the degree of distortion of the working cross section of the 
specimen at the site of the fracture was measured. 


Tensile and rupture tests were carried out on cylindrical specimens with 
a thinning of the middle portion in order to exclude breaks at the tips of the 
specimens (at a high hydrogen content). The thinning was made by means of a 
circular recess having a radius of curvature of 90 mm; the minimum diameter of 
the specimens was 5 mm. ‘Tests at high temperatures were conducted in water (up 
to 90°) or in a special furnace in air (100-3509). Low-temperature (-196°) 
tests were made with precooling in a mixture of benzine and liquid nitrogen or 
in liquid nitrogen. Checking tests established that the testing temperature 
was recorded within +5°. 


TABLE 1. CHEMICAL COMPOSITION AND MECHANICAL CHARACTERISTICS 
OF INVESTIGATED TITANIUM 


Mechanical characteristics 
at room temperature 


Impurity content not more 
than, wt percent 


| HB 
" | " ° | °2 | N Me Ikpjacn’ kept so | “ite mda gjacn? 
: | & | 
| | 0.06 0.04/0.04, 5 8 /0.03 0.002} (48.0) 32.0 |26.0/55.5| 18,2 153. 
| q 3 48.0 32.0 |26.5155.5] 12,6 
2 !0.08}0.04/0.041 0.145 |0.03] 0.002! {47.0 34.0 |27,5|64.0) 14.8 153 
47,0 34.0 132,0}59,5| 17.4 


3 ot 0.04]0,06) 0.14 |0.03) 0.003; (46.5 } 35.0 |26.0)50.5] 13.1 155 
| : 46.5 | 35.0 | 28.0/52.5| 41.5 
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Results and Discussion 


Let us consider the dependence of the impact strength, determined on cyl- 
indrical specimens, on the testing temperature for vacuum-annealed titanium 
(fig. la). The impact strength of titanium worked in a vacuum does not decline 
with decreasing temperature down to -196°. This confirms the already established 
fact that natural cold brittleness is lacking in titanium. An increase in the 
sharpness of the notch in the specimens causes a certain decrease in the impact 
strength of the material (as a result of a greater localization of plastic defor- 
mation); this is manifested to a greater extent the lower the testing tempera- 
ture. The use of circular notches 1.5 mm deep with a bottom radius of curvature 
of 5, 2 and 0.5 mm did not reveal any regions of abrupt decrease in impact 


strength, with the exception of an unexplained minor decline at a temperature 
below -100°. 


Ans kem/em= 
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Figure 1. Dependence of impact strength of titanium on testing 
temperature for various radii in the bottom of the notch of speci- 
mens: a, titanium after annealing; b, titanium with 0.015 wt per- 
cent Ho; c, titanium with 0.035 wt percent Ho; 1, smooth specimens; 
2,3,4, notched specimens (notch radius: 2-5 mm; 3-2 mm; 4-0.5 mm). 
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The introduction of even a small amount (0.015 percent) of hydrogen (fig. 
1b) changes appreciably the dependence of the impact strength on the testing 
temperature. While tests of smooth specimens and specimens with relatively 
"soft" notches (bottom radius of curvature of 5 and 2 mm) did not reveal any 
visible brittleness threshold, i.e., any sharp drop in impact strength over a 
narrow temperature range, tests of notched specimens with a bottom radius of 
curvature of 0.5 mm revealed a sharp drop in impact strength at a temperature 
below 100°. 


An increase in hydrogen content to 0.035 percent led to the appearance of 
a cold brittleness threshold even in specimens without notches (fig.lc). It is 
characteristic that the temperature range of appearance of brittle fractures, or 
critical brittleness temperature, was found to vary in a regular fashion with 
the sharpness of the notch: the lowest temperature (609) was observed in smooth 
specimens, a higher value (160°)--in specimens with a 5 mm radius of curvature 
of the notch bottom, and the highest (200°)--in specimens with a 2 mm radius of 
curvature of the notch bottom. Thus, the regularity of the dependence of the 
critical brittleness temperature on the sharpness of the notch qualitatively 
agrees very well with the results of a study of the cold brittleness of steel 
(see, for example, ref. 3). Furthermore, the nature of the change in impact 
strength within the temperature range of appearance of brittleness is the same 
as in steel: smooth specimens give the most abrupt decline in impact resist- 
ance, while notched specimens show a smoother decrease in impact resistance. 


Of great interest is the microstructural pattern of brittle and ductile 
fracture of titanium (fig. 2). It is easily observed that the brittle flaws 
are direct results by Layers of the separation of titanium hydrides, whose 
grains have the form of needles (ref. 4). The given microstructural pattern 
of the brittle and ductile fracture is quite similar to the brittle fracture 
of steel along the twinning planes (ref. 5). The ductile fracture of titanium 
is not related to any orientations within the grain. 


Let us now examine the influence of the deformation rate on the cold 
brittleness of titanium. The results obtained with notched Menager specimens 
at various temperatures are shown graphically (fig. 3). In these tests, the 
criterion of ductility used was the deformation characteristic, i.e., the de- 
gree of distortion of the working cross section of the specimen at the site 
of the break, as proposed by Stribeck (ref. 6). As can be seen from figure 3, 
vacuum-annealed titanium retains its ductility at a high level as the testing 
temperature is lowered to -196°, both in impact tests and in tests under static 
conditions. The higher plasticity in the low-temperature region in impact tests 
is difficult to explain if we confine ourselves to the results of our experi- 
ments, but it may be assumed that it results from a local rise in the tempera- 
ture of the metal in the volume traversed by plastic deformation, owing to 
the low thermal conductivity of titanium. The appreciable increase in ductility 
at temperatures of 200-300° and the slow deformation may be explained by the 
strain aging of titanium in this temperature interval (ref. 7). 


Tests of titanium specimens containing 0.03 percent Hy revealed a distinct 


brittleness threshold both under static and impact loads. In complete conformity 


ee 


Figure 2. Appearance of fracture of titanium 
specimens under bending impact, x 100. Metal 


was preheated in a hydrogen-containing medium 
at 1100°. 


with the general regularities of the cold brittleness of steel, a dynamic load 


shifts the brittleness threshold into a region of higher temperatures than in 
static tests. 


The results of static bending tests at various temperatures of geometri- 
cally similar samples of titanium containing 0.03 percent Ho are shown in table 


2. The Stribeck characteristic was taken as the measure of the ductility. 
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Figure 3. Deformation characteristic calculated according 
to Stribeck versus testing temperature for vacuum-annealed 
titanium containing up to 0.03 wt percent Hy in dynamic and 


static bending: 1, vacuum-annealed titanium, dynamic bend- 
ing; 2, vacuum-annealed titanium, static bending; 3, titanium 
containing 0.03 percent H,, dynamic bending; 4, titanium con- 


taining 0.03 percent Ho, static bending. 


TABLE 2, STRIBECK DEFORMATION CHARACTERISTIC OF 
TITANIUM SPECIMENS CONTAINING 0.03 PERCENT Ho IN 
STATIC BENDING TESTS (IN PERCENT) 


Testing tem-— Cross section of specimens, mm 
-+-90 
+80 . 39.6—28.2 
+60 31.2—26.8 
+50 
+40 | . 
+20 34.5—22,0 21.6—19.0: 
+414 25.8 
42 11,3 
+4 17.4 
—7 
—10 19.4 
—15 
—?20 9.8—4.3 
—28 
—30 7.2—4.6 
—/0 6.6 
—50 9,3—8.3 
—60 1.3 
—8&0 1.4 


cold brittle- 
ness tempera- +80 +20 +10 —15 
ture (start a 
decrease) °C 
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It should be noted that this characteristic (ratio of the difference in the 
width of contracted and dilated fibers to the height of the cross section at the 
site of rupture) is a purely arbitrary reflection of the ductility, since the 
cross section of the fracture can only be approximated by a trapezoid, for which 
reason the absolute value of this characteristic can vary appreciably. This 
apparently explains the substantial difference in the absolute values of the 
deformation characteristic in specimens of ductile titanium. However, the rela- 
tive change. of this characteristic with decreasing temperature, which reveals 
the brittleness threshold, unquestionably establishes the critical brittleness 
temperature with sufficient reliability. As is evident from table 2, the criti- 
cal brittleness temperature rises systematically with increasing dimensions of 
the specimens, and the characteristic is -15° for specimens measuring 2-2 mm, 
+10° for specimens measuring 5-5 mm, and + 80° for specimens measuring 20-20 
mm. 


Thus, it may be concluded that the cold brittleness of titanium arising 
from the presence of hydrogen and acted upon by the principal external factors-- 
extent of the stress condition, deformation rate and specimen size--is manifested 
with the same regularity as in steels. 


It is natural to assume that the similarity of these regularities is a 
manifestation of the dual nature of the fracture of titanium-containing hydro- 
gen. These suggestions had already been expressed by L. S. Moroz (ref. 8) in 
connection with an analysis of the nature of the hydrogen brittleness of 
titanium. 


The well-known interpretation of academician A.F. Ioffe is based on the re- 
sults obtained with rock salt at various temperatures. This interpretation pre- 
supposes two types of strength: a brittle and a ductile fracture. The strength 
of brittle fracture, i.e., the rupture strength, is independent of external 
factors (stress condition, temperature and deformation rate), whereas on the 
contrary, the strength in ductile fracture, i.e., the deformation resistance, 
depends strongly on these factors. The extension of A, F. Ioffe's interpretation 
to metals, suggested by N. N. Davidenkov, made it possible to select a structural 
system of theoretical interpretations of the cold brittleness of metals and to 
establish many regularities in the variation of brittleness temperature with 
various factors. However, the application of A. F. Ioffe's interpretation to 
metals was found very difficult. Only in the case of iron phosphite was it pos- 
sible to obtain (ref. 9) a curve of the change in strength with temperature 
that was close to A. F. Ioffe's interpretation. The difficulty of applying this 
interpretation to metals was mainly due to an attempt to obtain an ideally brit- 
tle fracture (without any appreciable residual strains) which, as was shown by 
subsequent investigations, does not exist at all. However, without changing its 
essential features, one can re-present A. F. Ioffe's interpretation in a some- 
what different manner if by brittle strength of metals is meant the rupture 
strength (independently of the plastic deformations), and if the curve repre-~ 
senting the temperature dependence of the yield strerigth is replaced by a curve 
representing the temperature dependence of the strength at ductile fracture. 


Considering the above refinements, we plotted curves of the change in 


tensile strength for titanium containing different amounts of hydrogen (fig. }). 
These curves provide a complete confirmation of A. F. Ioffe's interpretation. 


Os 


true rupture strength, 
kg/mm 


testing temperature, °C 


Figure 4. True rupture strength versus testing 
temperature for titanium containing various amounts 
of hydrogen: 1,.vacuum-annealed titanium; 2, ti- 
tanium containing 0.012 wt percent Ho; 3, titanium 


containing 0.035 wt percent H,; 4, titanium contain- 


D3 
ing 0.060 wt percent H5. 


The strength of vacuum-annealed titanium increases continuously as the tempera- 
ture drops to -196°. The introduction of hydrogen limits the increase in 
strength to the level of the cleavage strength, which is practically indepen- 
dent of temperature. 


The level of the cleavage strength depends entirely on the hydrogen content 
of titanium. The more hydrogen is present in titanium, the lower is the cleav- 
age strength, or strength at brittle fracture. Thus, the experimental data show 
that a direct cause of the cold brittleness of titanium is a sharp decline in 
its cleavage strength under the influence of hydrogen introduced into the metal. 
In the light of the results obtained, it is necessary once again to return to 
the idea of a possible general cause of cold brittleness by relating it to the 
unavoidable presence in metals of oxygen, nitrogen and hydrogen impurities or 
any Other elements. It is known that such an explanation of cold brittleness 
has De been proposed in a study of the brittleness of chromium (refs. 10 
and ll). 


It is possible that even when the content of impurities is minute, the 
cleavage strength of metals increases sharply. The decrease in cleavage strength 
may be due to the passage of the first shifts causing a weakening of bonds along 
certain crystallographic planes on which the impurities can precipitate. Ap- 
parently, this process is chiefly characteristic of metals with a body-centered 
or hexagonal lattice. 


The influence of plastic deformation on the embrittlement process can be 


confirmed by tests for the impact strength of titanium with various hydrogen 
contents. The curves representing the relative decrease in the impact strength 
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Figure 5. Relative change in impact strength 
versus hydrogen content: 1, titanium work- 
hardened to the extent of 25 percent; 2, an- 
nealed titanium. 


of cold-worked and annealed titanium with rising hydrogen content (fig. 5) show 
that additional cold working substantially reinforces the decline in impact 
strength. This means that the cleavage strength decreases appreciably in the 
course of plastic deformation and that the sensitivity of titanium to hydrogen 
brittleness increases. 


Conclusions 


1. The cold brittleness of titanium is explained ty the presence of hydro- 
gen. Cold brittleness is not displayed by titanium free from hydrogen. 


2. The regularities in the change of the critical brittleness temperature 
of titanium with external factors--extent of the stress condition (sharpness of 
notch), rate of application of loads and dimensions of specimens--are the same 
as in steel. 


3. The applicability of A. F. Ioffe's interpretation to the analysis of 
the conditions under which cold brittleness is displayed in titanium has been 
confirmed. The main cause of the appearance of cold brittleness in titanium is 
a decrease in cleavage strength due to the introduction of hydrogen into 
titanium. 


4, It was shown that the principal cause of the cold brittleness of metals 
may be the presence of impurities which are bound to be present in metals of 
technical purity. 


OUT 
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CREEP OF ALLOY AT3 AT 350° 
K. P. Markovich, V. S. Mikheyev and Z. G. Fridman 


At the present time, the only high-strength materials with a density of 


4.4-4.6 g/em> for operation at 300-550° are titanium-base alloys. For this 
reason, the development of theoretical and experimental studies in the field of 
high-temperature strength of titanium alloys assumes an exceptional importance. 
One of the main problems in this field is the study of the properties and be- 
havior of the alloys in the course of creep. 


The purpose of the present work was to establish the creep limit of ti- 
tanium alloy AT3 at 350° for a total deformation of 1 percent in the course of 
20,000 hrs of testing, and also to study the change in the mechanical character- 
istics of the alloy after it has been tested for creep under selected conditions. 


Work conducted earlier in this direction has shown (ref. 1) that alloy AT3 


at 300 and 350° and a stress of 30 kg/mm following 5000 hrs of creep tests is 
characterized by a high creep resistance and retains a high thermal stability. 


An alloy melted under plant conditions in a vacuum arc furnace by double 
remelting was chosen for the investigation. The following starting materials 
were used in the preparation of the alloy: titanium sponge TGO with an ultimate 
strength of 39-43 kg/mm“, technical silicon KR, chromium XI, technical iron, 
and a chromium-boron master alloy (up to 10 percent B). The alloying elements 
were introduced into the alloy in the form of a complex master alloy. The chem- 
ical composition of alloy AT3 was as follows: base, Ti; 2.7 percent AL; 0.6 
percent Cr; 0.30 percent Fe; 0.36 percent Si; 0.01 percent B (calculated). 

After forging, the mechanical characteristics of alloy AT3 were as follows: 
Oo, = 86.4 ke /mm°; oO. = 84.9 kg/mm=; & = 14.5 percent; y = 43.2 percent; = 7-7 
kem/om@. After annealing at 850° for 30 min and cooling in air, the mechanical 


characteristics assumed the following values: OD = 86.3 kg/mm; 0, = 85.0 


ke/mm-; 6 = 14.8 percent; y = 44.75 percent; a, = 6.8 kgm/em®. 


eg 


Specimens for creep tests were prepared from a forged rod 20 mm in diameter. 
The tests were made with an IP-5 machine at a constant temperature of 350° and 


stresses of 15, 30, 33, 37, 45 and 50 ke/mm°. The duration of the tests under 
the above stresses was respectively 5,454, 6,662, 5,705, 5,215, 12,000 and 9,300 
hrs. 


To determine the stability of the alloy in the course of long-time creep 
testing, the mechanical properties of the alloy were studied at room temperature 
after the creep test. Standard rupture-test specimens were cut out of the 
working part of the creep-tested specimens. 


Results 


Creep of alloy AT3. Let us examine the data on the creep following tests 
of alloy AT3 lasting from 5,000 hrs at a constant temperature of 350° and creep 


stresses of 15, 30, 33, 37, 45 and 50 ke/mm®. 


The shape of the creep curve at stresses of 15 and 30 kg/mm@ (fig. 1) is 
close to linear. The stage of transient creep is brief. Its duration does not 


exceed ~200 hrs for stresses of 15 and 30 ke /tom®. As the creep stress in- 


creases to 37 kg/mm, the stage of transient creep increases to approximately 
1,200 hrs. The stage of steady-state creep is fairly long for all stresses and 
does not end after 5,000 hrs of testing. Under the selected creep-test condi- 
tions, the third stage, that of accelerated creep, is absent. The total defor- 
mation in 5,000 hrs of testing increases with rising creep stress from 0.18 


percent at 15 ke /mm= to 0.92 percent at 37 kg /mm®. 


As shown by the creep curves for stresses of 45 and 50 kg/mm (fig. 2), 
the stage of steady-state creep begins after 400 hrs of tests under a stress of 


45 ke /mme and does not end after 12,000 hrs. The total deformation for 12,000 hrs 
is 1.2 percent. 


In tests of alloy AT3 under a stress of 50 ke /mm®, the stage of steady- 
state creep begins after testing for 1,000 hrs. The total deformation for 9,300 
brs is 4.8 percent. 


The creep curves (figs. 1 and 2) make it possible to determine the rate of 


steady-state creep on various portions of the curve. The rate of steady-state 
creep v, was defined as the quotient of the division of the elongation Al by the 


Pp 
time At during which this elongation took place. 
The creep rate at the steady-state stage increases with rising stress, but 


does not exceed 2-107? percent hrs for a stress of 37 ke /mm°. An increase. in 


250 


S000 2000 M0 4008 JOG 
duration of test, hr 


Figure 1. Creep curves of alloy AT3 at 350°: 
1, o = 37 kg/m, Vp = 210-5 percent/hr; 2, 


38 kg/mm?, v. = 2-107? percent/hr; 3, 


Oo = 
p 
o = 30 kg /mn®, ‘py = 1.5*1072 percent/hr; h, 
ao = 15 kg/mm“, Vy = 1072 percent/hr. 
g, %, 
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Figure 2, Creep curves of alloy AT3 at 350° and 

creep stresses of 45 and 50 ke/mm®. 
creep rate is observed in tests under stresses of 45 and 50 kg/mm. In the 
presence of these stresses, the creep rate at the steady-state stage is equal 
to an average of 0.5*1074 and 1.6: 1074 percent/hr respectively, the creep rate 
remaining constant for 12,000 hrs of tests under a stress of 45 kg/mm. 

We used the numerical values of creep rates, obtained from the "elongation- 
time" curves, to plot curves representing the change in the creep rate in semi- 
logarithmic "stress-creep rate" coordinates (fig. 3). Such a curve enabled us 
to determine the limiting stress at 350° causing a specified residual deforma- 
tion of 1 percent after 20,000 hrs of tests. The creep rate at a residual 


deformation of 1 percent after 20,000 hrs of tests at the indicated temperature 


will be 5-107? percent/hr. 


ool 


o, kg/mm 


if 
if 


4 
qe 


Vp? percent/hr 


Figure 3. Curves of the relation between o and 
V, for alloy AT3 with 2.7 percent Al, 1.26 per- 


cent © (CR, Fe, Si) at 350°. 


Consequently, the limiting stress causing a creep rate of 5-1076 percent/hr 
at 350° for alloy AT3 containing 2.7 percent Al and 1.26 percent & (Cr, Fe, Si) 


will be 42 kg/mm. 


Change in Mechanical Properties 


Let us examine the dependence of the mechanical properties of alloy AT3 at 
room temperature on the creep stress (fig. }). 


It is apparent from the data obtained that the ultimate strength of the 
alloy o,, and the plasticity characteristics o and y do not undergo any appre- 


ciable changes following creep tests at various stresses. Thus, in the initial 


state (after forging), the alloy had an ultimate strength of 86.4 kg /rom® and an 
elongation per unit length of 16.3 percent, whereas after creep tests at 350° 


and a creep stress of 45 kg/mm applied for 5,900 hrs, the ultimate strength was 


85.8 ke/m*®, the elongation per unit length was 16.4 percent and yp = 40.2 
percent. 


Consequently, the ultimate strength and the plasticity characteristics of 
the alloy do not undergo any substantial changes after sufficiently long creep 


tests. 


Oe 


Figure 4. Change in the mechanical properties 
of titanium alloys AT3 with 2.7 percent Al and 
1.26 percent © (Cr, Fe, Si) after a creep test 
of 5,000 hrs at 350°. 


In the course of a prolonged creep test, the alloy does not become em- 
brittled, independently of the stress. The strength and plastic properties of 
the alloy are retained at the level of the initial state. 

Summary 

1. The creep of alloy AT3 of the six-component system Ti-Al-Cr-Fe-Si-B 
with 3 percent Al and 1.26 percent © (Cr, Fe, Si) at 350° was investigated. 
The tests lasted 5,000 hrs for creep stresses of 15, 30, 33 and 37 kg/mm and 


9,300-12,000 hrs for creep stresses of 45 and 50 kg/mm@. Under the selected 
testing conditions, alloy AT3 is characterized by a high creep strength. 


2. The creep rate of alloy AT3 does not exceed 2-107? percent/hr for a 
creep stress of 37 kg/mm”, An increase in creep rate is observed in tests 
under stresses of 45 and 50 kg/mm. Under these stresses, it is respectively 
equal to 0.5°1074 and 1.6-1074 percent/hr at the stage of steady-state creep. 

3. The limiting stress at 350° at which the residual deformation after 


20,000 hrs of tests corresponds to 1 percent is equal to 42 ke/mm@. 
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STUDY OF THE CREEP AND THERMAL STABILITY OF ALLOY AT4 AT 500° 
I. I. Kornilov, 0. N. Andreyev and B. M. Voshedchenko 


The authors studied the creep and thermal stability of titanium alloy AT 
of the six-component system Ti-Al-Cr-Fe-Si-B at 500° by using a standard method. 
The alloy was melted under plant conditions in a vacuum arc furnace by double 
remelting. 

The following charging materials were used in the preparation of the alloy: 
titanium alloy TGO with an ultimate strength of 39-43 kg/mm, technical silicon 
Kr, chromium XI, technical iron, and a chromium-boron master alloy (up to 10 
percent B). 


The alloying elements were introduced into the composition in the form of a 
complex master alloy. 


The chemical composition of alloy AT (base Ti) was: 4.67 percent Al, 0.86 
percent Cr, 0.31 percent Fe, 0.27 percent Si, 0.001 percent B (calculated). The 
content of impurities was: 0.05 percent C, 0.024 percent No» and 0.007 percent 
Ho. 

The mechanical characteristics of alloy AT at room temperature were: after 
forging (as-received condition) 0, = Oh. kg/mm“; 0, = 89 ke /mm®; 6 = 15 percent; 

y = 45 percent; An = 6.5 kem/em®; after annealing for 30 min at 880° and cooling 

in air, o = 94.2 kg/mm; o. = 89.4 kg/mm@; 6 = 15.1 percent; y = 45.3 percent; 
_ 2 

a, = 6.4 kem/cm“. 


The creep of alloy AT4 at 500° was studied by a standard extension method 
on TSP-]1 specimens with the working part 100 mm long and 10 mm in diameter at 


stresses of 2.5 and 5 kg/mm during 1,000 hrs. 


For each stress, the tests were carried out on two specimens simultaneously 
using IP-5 machines, and the same creep values were thus obtained. 
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Creep tests of AT4 at 500° for 1,000 hrs showed that at the stress of 5 


kg/mm? the total deformation was 0.5 percent, and at the stress of 2.5 kg/mm, 
it decreased to 0.18 percent. - 


The "deformation-time" creep curves of alloy AT at stresses of 5 and 2.5 
ke /mm= are similar in character (fig. 1). 
The stage of transient creep for a stress of 2.5 ke /mm= does not exceed 


650 hrs. As the stress increases to 5 ke /mm®, the stage of transient creep in- 
creases to 750 hrs. 


Thus, the stage of steady-state creep in the first case begins after 650 
hrs of tests, and in the second, after 750 hrs and continues up to 1,000 hrs. 
The tests are then terminated (the specimens are removed). 


Under the selected conditions of creep testing, the third stage of accel- 
erated creep is absent, 


The total deformation for 1,000 hrs of tests rises with increasing creep 
stress from 0.18 percent at 2.5 kg/mm to 0.5 percent at 5 ke /mme. 


The creep curves (fig. 1) enabled us to determine the rate of steady-state 
creep. 


The creep rate at the steady-state stage of creep increases with rising 
creep stress. 


At stresses of 2.5 and 5 kg /mam®, the creep rates at the stage of steady- 
state creep are equal to an average of 0.3+10-© and 1.6-107© percent/hr. 
Hence, for alloy AT4, the limiting stress causing a creep rate of 0.3+107© 


percent/hr at 500° will be 2.5 kg/mm@. This indicates a high creep resistance 


of alloy ATH at 500° and a stress of 2.5 ke /mm®, 


Figure 1. Creep curves of alloy AT at 500° for 1,000 hrs: 
1, 0 = 5 kg/mm*; 2, o = 2.5 kg/mm. 
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The creep curves of the titanium alloys (fig. 2a) were plotted on the basis 
of data obtained by I. I. Kornilov, V. S. Mikheyev, 0. N. Andreyev and P. S&S. 
Mayboroda. The specimens were subjected to bending by the centrifugal method 


at 500° and a stress of 20 kg/mm©. The test lasted 100 hrs. 


As is evident from this figure, the creep of alloys of the six-component 
system Ti-Al-Cr-Fe-Si-B, AT3, AT4, AT6 and AT8 is considerably less than that 
of the investigated titanium alloys, OT4, VT6 and OT4-2. The creep curves of 
alloys OT4, VI5, VT5-1, VT6 and AT are shown in figure 2b. The specimens were 
subjected to extension by a standard technique,. and the testing conditions were 
the same as before. 


The data on the creep rate obtained by the bending method and the standard 
extension method are in good mutual agreement. 


Thus, of all the alloys studied, the creep rate of alloy AT is the lowest. 
Alloy ATL, with a density of 4.5 g/cm, is very interesting as a heat- 


resistant titanium alloy whose strength is close to that of 1Kh18N9T steel and 
which can be used at working temperatures up to 500°, 


a 


bending deflection, mm 


Figure 2. Creep curves of titanium alloys at 500° and a stress of 


20 kg/mm© for 100 hrs: a, centrifugal method of bending the specimens 
(1, alloy OT4; 2, alloy AT1 without Al; 3, alloy VT6; 4, alloy OT4-2; 

5, alloy AT3; 6, alloy AT4; 7, alloy ATS) ; b, standard extension method 
(1, alloy OT4; D, alloy VT5; 3, alloy VT5-1; 4, alloy VT6; 5, alloy 
Avh) 


It, I. Kornilov, V. S. Mikheyev, 0. N. Andreyev and P. S. Mayboroda. Coll. 


Titanium and Its Alloys (Titan i yego splavy). Izd-vo AN SSSR, No. 10, p. 234, 
1963. 
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At this temperature, alloy AT} has a higher short-time and long-time 
strength than titanium alloys OT4, VT5, VT5-1, VT6 and OT4-2. Furthermore, 
alloy AT4 does not contain any costly and scarce components. 


Alloy AT4 is deformable: it can be used to make various semifinished 
products, including pipes, by means of hot and cold rolling. Cold rolling can 
be used to make pipes 6-8 mm in diameter with a wall thickness of 0.3-0.6 mm 
from this alloy. Alloy AT4 welds satisfactorily when argon arc and electroslag 
welding is used. 


To determine the thermal stability of alloy AT4 in the course of long-time 
creep testing, the mechanical properties were studied at room temperature after 
the creep tests. 


Standard rupture-test specimens LIM-1 (length of working part 36 mm and 
diameter 6 mm) were made from the working part of specimens tested for creep. 


The average mechanical characteristics of alloy AT at 20° after a 1,000 
hr creep test were: oO = 98.15 ke /tam®; 6, = 92.7 kg /mn®; 6 = 14.4 percent; 
y = 44.9 percent. 


In the course of the creep test, the mechanical properties of alloy AT4 
remain almost unchanged. The alloy retains high plastic characteristics, and 
the ultimate strength and yield strength increase to an insignificant extent. 


These data show that alloy AT4 under conditions of long testing (up to 
1,000 hrs) under stress at 500° is a thermally stable material which does not 
embrittle; this is an important performance characteristic. 


In addition to the mechanical properties of alloy AT4, its microstruc- 
ture and hardness were investigated before and after the creep tests. 


Ktching was done in a reagent consisting of 1 pt. hydrofluoric acid, 1 pt. 
nitric acid and 2 pts. glycerin. In order to prevent a strong oxidation of 
the surface of the polished section, the specimens after being etched were 
first washed with a solution of soda and then with water. 


Let us examine the microstructures of alloy AT4 after forging, after an- 
nealing for 30 min at 880° and cooling in air, and after creep-testing for 1,000 
hrs (fig. 3). In the state after forging and in the state after annealing 
under the indicated conditions, alloy AT4 had the structure of the qa! phase of 
martensitic type. 


After 1,000 hrs of creep tests at 500° and a stress of 5 kg/mm, the struc- 
ture of the alloy approaches the equilibrium state; the q~' phase disappears, and 
the alloy has the structure of the q-phase with a slight content of transformed 
B-phase. The hardness of alloy AT4 is almost the same as in the initial state. 
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Figure 3. Microstructure of 
alloy AT4, x 340: a, in forged 
state; b, after annealing for 
30 min at 8809 and cooling in 
air; c, after 1,000 hrs at 500° 


and o = 5 kg/mm. 


Thus, the studies showed that of the alloys studied, the creep rate is 
lowest in alloy AT at 500°. In its properties, AT is of great interest as a 
heat-resistant titanium alloy which can be used at working temperatures up to 
500°. 


Summary 


1. In this work, studies of the creep and thermal stability of titanium 
alloy AT4 were carried out for the first time by using tests lasting 1,000 hrs. 


2. In alloy AT the creep is considerably lower than in alloys OT4, OT4-2 
(of the system Ti-Al-Mn), alloy VT5-1 (of the system Ti-Al-Si) and alloy VI6 (of 
the system Ti-Al-V). | 


3. The residual elongation after 1,000 hrs of testing at stresses of 2.5 
and 5 kg/mm is respectively equal to 0.18 and 0.5 percent. 


6 


4, The limiting stress causing a creep rate of 0,3-107 percent/hr at 500° 


is 2.5 kg/mm. This indicates a high creep resistance of alloy AT under the 
given conditions. 
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5. Under long-duration testing conditions at 500° (up to 1,000 hrs) under 
stress, alloy AT is thermally stable and does not embrittle. 


6. Alloy AT: can be used to prepare various semifinished products including 
pipes by hot and cold rolling. Cold rolling can be used to prepare pipes 6-8 mm 
in diameter with a wall thickness of 0.3-0.8 mm. 


7. Alloy ATH welds satisfactorily when argon arc and electroslag welding 
is used, and does not contain any costly or scarce alloying elements. 


8, Alloy AT) can be successfully used to make parts operating at tempera- 
tures up to 500°. 


260 


DETERMINATION OF THE RELAXATION RESISTANCE OF ALLOY AT3 


L. P. Nikitina 


The relaxation of stresses associated with the transformation of elastic 
into plastic deformation, the dimensions of the part being constant, is fre- 
quently encountered in engineering practice. For this reason, a characteriza- 
tion of the relaxation of an alloy is required in various cases. It is neces- 
sary when an alloy is to be used for reinforcing parts, for determining the 
duration of the effect of undesirable internal stresses in the metal produced 
during the assembly or during welding, in the choice of a suitable mode of 
heating to relieve the internal stresses in the part and other cases. 


We know of few studies on stress relaxation in titanium alloys (ref. 1 and 
others). For this reason, in order to determine the relaxation resistance of 
alloy AT3, relatively labor-consuming tests were required over a wide range of 
temperatures and stresses. 


Testing Method 


The relaxation tests were carried out on I. A. Oding's ring specimens 

(ref. 2) made of bars of equal bending strength. The standard. method of testing 
for relaxation at each temperature specifies a drop in stress with time from 
two, three and four levels of initial stress. The initial stresses are usually 
chosen equal in absolute value for all the temperatures studied, and this places 
the specimens under dissimilar testing conditions at the lowest and highest tem- 
perature if in the range under consideration the temperature has an appreciable 
effect on the short-time mechanical properties. Over a wider temperature range, 
the loading to equal stresses becomes completely impossible, so that one should 
not use the generally adopted methods of comparing the relaxation resistance at 
various temperatures on the basis of a dropof stress from the same og values for 


an equal testing time. 
To eliminate the shortcomings of the method of relaxation tests, we adopted 
initial relaxation conditions such that at any testing temperature the initial 


stress amounted to a specified fraction of the yield strength at the given 
temperature. 
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Thus, for alloy AT3, we selected three stress levels: 0.375, 0.50 and 0.75 
of of . (the coefficients were respectively by = 0.375, Dy = 0.50, and 
b = O,. r 
3 = 0.75) 


The determination of stress relaxation in time was made on the basis of 
the relative value of the residual stress o ~/% and o ~/%. 5 in addition to the 


usual "absolute" value of the residual stress O. 


This method of determining stress relaxation permitted certain generaliza- 
tions of the process of stress relaxation. 


The . relaxation tests were carried out in the temperature range of 350-6509 
every 50°. 


Materials Used 


The ring specimens used in the relaxation tests were made from forged 
pieces 70 mm in diameter. The forged piece was first annealed in air at 900° 
for 1 hr. The axis of the cylindrical part of the specimens coincided with 
the axis of the forged piece. The mechanical characteristics of alloy AT3 for 
longitudinal specimens are shown in the table. The latter also indicates values 
of the modulus of elasticity at high temperatures (from the certificate data of 
alloy AT3). 


MECHANICAL PROPERTIES OF FORGINGS FROM ALLOY AT3 


1 403 | 
woo] ram | gon. | tb | a8) | osc fe mara 
20 — 78 80 20 43 441200 
350 | 4.602 42 48 49 62 | 40200 
400 | 1.483 40 AT 19 56 9940 
450 | 1.382 | 36-40 | 44 16 64 9600 
500 | 1.293 33 — — — 9200 
550 | 1.245 30 37 27 73 8900 
600 | 41.445 28 34 47 84 8600 
650 | 4.082 26 26.5 68 84 8200 


Results of Experiments and Their Evaluation 
The results of relaxation tests made it possible to examine the change of ° 


the initial stress and the buildup of plastic deformation in the course of 
relaxation. 
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The dependence between the residual stress on the value of the initial 
stress is shown graphically. The first graph (fig. 1) is a usual graph of 
0-9» cited in many relaxation studies, with the exception that both quantities 


are divided by oe p This graph shows that the higher the initial stress, the 
higher is the residual stress for a specified relaxation time. 


If the relative residual stress F/O is determined (fig. 2), it is appar- 


ent that the higher the initial stress, the faster is the relaxation process, 
l.e., the smaller is the relative value of o,,/ 99 for the same testing time. 


These experimental results are in complete agreement with the general con- 
cepts according to which the relaxation and creep processes in metals are of the 
same nature. 


To analyze the stresses in the course of relaxation, the primary "stress- 
log time" relaxation curves were plotted in three forms: 


a. Absolute stress 0. in kg /mm®--time in hours at t = const; 


b. Relative stress 0/6 in percent--time in hours, i.e., fraction of 


stress retained at t = const and in initial stress of Oy = b a 53 


OI75 O50 O75 
Go /So2 


Figure 1. Effect of the initial stress Oy on the residual 
stress g, (both quantities divided by ae >)? a, 1 hr; 


b, 100 hrs; c, 1,000 hrs. 
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c. Relative stress 07/05 » in percent--time in hours, i.e., fraction of 


stress retained relative to value of yield strength O50 at t = const and a 


specified value of the initial stress Sy = bedy a 


As an example, we cite the primary relaxation curves in the coordinates 
"relative residual stress-time" for values of initial stress at b = 0.5 and 


b= 0.75 (fig. 3). 


In our view, this is the most convenient form of representing primary 
curves. Such primary curves make it possible to evaluate the rate of the re- 
laxation process at various temperatures. 


On the basis of the primary curves for all three levels of initial stress 
(b, = 0.3753 by = 0.5; bg = 0.75), the time necessary for reaching a prede- 


termined level of stress relaxation was determined: o. = 0.8 O53 9, = 0.5 O93 


The temperature dependence of the relaxation time up to the specified level 
of relative stress is plotted in the coordinates In + -1/T (fig. 4). This graph 


shows that the following exponential relation exists between the relaxation time 
and the temperature: 


. wor) 
To = Agu) exp ( Ri 4 


Figure 2. Effect of initial stress oy/ oe 5 On the value of 

Oo e 

the relative residual stress mi at t = const: a, 1 hr; b, 
0 


100 hrs; c, 1,000 hrs. 
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Figure 3. Primary relaxation curves in the 
coordinates "relative residual stress-time" 


= 0.50 of 


0.2? b, at Fe) = 0.75 08 


a, at To 


where To is the time during which the given stress is reached; T is the tempera- 
ture , OK; Yo (1) 18 the activation energy of the process; Ris the gas constant; 
An(1) is a constant. 

The activation energy %/1) = 75+10° cal/mole was calculated from the ex- 


perimental data; it characterizes the resistance of alloy AT3 to the stress drop 
at high temperature. Without the values of the activation energy of the creep 
process or the activation energy of the process of self-diffusion of alloy AT3 
or other titanium alloys, it is difficult to realize the meaning of the value 
obtained. However, the accumulation of similar data for a number of materials 
will obviously permit a more extensive study of relaxation processes in the 
future. In practice, the graph shown in figure 4 is very useful in selecting 
the temperature and annealing time in the case of relief of undesirable internal 
stresses, or in evaluating the relaxation resistance of alloy AT3 at various 
working temperatures. 
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Figure 4.. Temperature dependence of relaxation. 
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Let us note that the analysis of the temperature dependence of the residual 
stress itself, not of the relaxation time, has not thus far permitted the es- 
tablishment of a simple analytical relationship between the relaxation stress 
and the temperature on the standard or logarithmic scale either. 


An analysis of the plastic deformation was carried out on the basis of 
measurements of the ring specimens, since the relaxation strain €,,1 = 0.0583 


Ae} percent, where A,., is the increase in the distance in mm between the 


marks of the ring specimen. These data are shown as an example for 05 = 0.75 


o, - in the form of primary "deformation-time" curves (fig. 5). An analysis of 
the relaxation strain made it possible to establish certain regularities of the 
process. ‘Thus, an exponential relation was established between the time neces- 
sary for a specified value of strain Tre] to be reached and the temperature 
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Tre = Ao) exp (2) 


In addition to the analysis of total relaxation strain based on the primary 


curves €,,;-T, the minimum deformation rates (or rates close to the minimum ones) 


were determined. It was found that Vinin and the initial absolute relaxation 


stress (kg/mm©) are related exponentially; this relation is similar to the one 
for the creep process when o = const in the course of each experiment. 


A temperature analysis of the minimum rate of relaxation deformation made 
it possible to establish an exponential relation between Vin? vs and the ac- 


tivation energy of this process 49 (3) = 30.5-103 cal/mole: 
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Figure 5. Increase in plastic deformation with time at 
various relaxation temperatures (primary curves of relax- 


ation deformation): 1, 22.5 kg/mm©, 500°; 2, 30 kg/mm, 


450°; 3, 30 kg/mm’, 400°; 4, 30 ke/mm2, 350°. 
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“nin (rel ) = Aow exp (—“S&), 


Thus, the analysis of plastic relaxation deformation reinforces still more 
the idea of an unquestionable relation between this process and the process of 
creep, and brings us closer to a possible reciprocal evaluation of both 
processes. 


Conclusion 


Testing of alloy AT3 for relaxation in the temperature range of 350-650° 
makes it possible to regard this alloy as being relaxation-resistant in the 
temperature range up to ooo, A drop in stress to 80-60 percent of the initial 
stress can be expected after a long period of time measured in hundreds of 
thousands of hours (see fig. 4+). 


The duration of such relaxation is determined not only by the temperature, 
but also by the value of the initial stress: the higher Oy the more rapid the 


relaxation process, although the absolute value of the remaining stress may be 
even higher. Technological tempering to relieve undesirable internal stresses 
is advisable at temperatures of 600-6509. In selecting the temperature and 
duration of tempering of actual articles, it should be kept in mind that volume 
stresses are relieved under somewhat more drastic conditions than those which 
we studied and which involved a planar stress condition of the ring specimens. 


The method which we used for selecting initial stresses amounting to some 
fraction of the yield strength at each testing temperature is quite efficient. 
It enabled us to obtain comparatively extensive data for the minimum quantity 
of tested specimens and to establish a series of new relationships in the 
process of relaxation in alloy AT3 which will undoubtedly prove valid for other 
metals as well. The first checks of this method on pearlitic steel have con- 
firmed this assumption. 
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CREEP OF ALLOYS OF THE QUATERNARY SYSTEM Ti-Zr-Al-Sn AT 750° 


I. I, Kornilov, T. T. Nartova and M. M. Savel'yeva 


Metallic compounds of titanium and alloys based on them are of great 
importance for the development of new heat-resistant alloys (refs. 1-3). Of 
the various metallic compounds of titanium, those with aluminim and tin as 
well as solid solutions based on them are of considerable interest as subjects 
of investigations. 


The present work is devoted to a study of the creep of alloys of the 
quaternary system Ti-Zr-Al-Sn along the section extending from pure zirconium 
to alloy compositions corresponding to the quasi-ternary system Ti,Al-4r-Ti28n 


(fig. 1). 


The alloys were prepared by arc melting in a furnace with a nonconsumable 
tungsten electrode in an argon atmosphere. Titanium sponge TGOO with an ul- 


timate strength of 36 kg/mm, 1lodide zirconium of 99.9 percent purity, aluminum 
AVOOO and tin of 99.9 percent purity were used in the preparation of the alloys. 
The alloys were annealed for 30 minutes at 850°, 


To determine the creep resistance as a function of the composition, phase 
structure and temperature, the alloys were tested by the centrifugal bending 
method. On the basis of the data obtained, plots were made of the creep curves 


Figure 1. Section TizAl-2r-TiSn of 


quaternary system Ti-Zr-Al-Sn. 
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and diagrams of the composition versus the time necessary to reach a given bend- 
ing deflection for the alloys studied, which comprise the quasi-ternary system 
Ti,Al-Zr-Ti_Sn. 
3 3 

Data on the creep of alloys in the ternary system Ti-Zr-Sn along the sec- 
tion Ti,Sn-Zr are cited in reference 5. 

The high-temperature strength of alloys of the ternary system Ti-Al-Sn 
along the section passing through the compositions of the intermetallic com- 


pounds TizAl and Ti,Sn was studied at 700-750° and a stress of 15-25 kg /mm* 


3 
with a total testing time of 400 hrs (ref. }). 


We studied the creep resistance of the alloys of the ternary system 


Ti-Al-Zr along the section Ti,Al-Zr at 750° and a stress of 15 ke /mm°. The 


3 
test lasted 1,000 hrs. 


The creep curves of alloys of the section TE Al-Zr (fig. 2) show that small 


additions of zirconium (1-5 percent) to the compound TiAl have no appreciable 


3 
effect on the heat-resistance properties of this compound. Alloys from the 
region of zirconium concentration up to 5 percent retain a high degree of heat 
resistance, and after 1,000 hrs of testing at 750°, the bending deflection of 
the specimens is 10-12 mm. As the zirconium content rises further, the creep 
rate of the alloy increases. Alloys containing over 20 percent Zr are not 
oxidation-resistant at the testing temperature of 750° and are therefore of no 
interest. 


On the basis of the creep curves of alloys of the section Ti.,Al-Zr, a 


3 
diagram of the composition versus the time necessary to reach bending deflec- 
tions of 3 and 5 mm was plotted (fig. 3). As is evident from the figure, alloys 
containing 2-5 percent Zr are the most heat-resistant. As the zirconium content 
increases further, the high-temperature strength of the alloys decreases, which 
may be due to a faster drop in the temperature of the polymorphic transformation. 


Literature data (refs. 4 and 5) and results of a study of the high- 
temperature. strength of alloys along the section Ti. Alar have led to the assump- 


tion that the most heat-resistant alloys of the quaternary system Ti-Zr-Al-Sn 
along the section TizAl-4r-Ti.Sn should be expected in the region of composi- 


tions adjacent to the side of the section Ti.Al-Ti_Sn. 


3 3 


In this connection, a study was made of the high-temperature strength of 
alloys of the quasi-ternary system TizAl-Zr-Ti,6n along two cross sections 
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Figure 2. Bending deflection versus duration of deformation 
of alloys of the section TizAl-Zr at 750° and o = 15 kg /mme: 


1, Ti,Al; 2, Ti,Al + 1 percent Zr; 3, Ti,Al + 2 percent Zr; 
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Al + 5 percent Zr; 5, Ti 
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Figure 3. Time required to reach a given bending 
deflection versus zirconium content of alloys of 


the section Ti,Al-Zr at 750° and o = 15 ke/mm*. 


parallel to the side of TigAl-TiSn at a constant zirconium content of 1 and 5 


The test was carried out at 750° and a stress of 15 ke /mm®. The dura- 


tion of the test was 500 hrs. 


Let us examine the "“composition--high-temperature strength" diagram of 


alloys of the cross sections parallel to the side of TLAL-Ti 


Sn with a constant 


3 


zirconium content of 1 and 5 percent (fig. }). 
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Figure 4. Time required to reach a given bending 
deflection versus composition of alloys of the sys- 
tem TizAl-2r-Ti.Sn with a constant zirconium con- 
tent of 1 and 5 percent at 750° and o = 15 kg/mm: 
1 and 2, 5 percent Zr; 3 and 4, 1 percent Zr. 


The curves representing the time necessary to reach a given bending deflec- 
tion versus alloy composition with a constant content of 1 and 5 percent Zr are 
analogous to the corresponding curves of alloys of the section TIZAl-Ti26n (ref. 


4), the high-temperature strength of alloys with 5 percent Zr being somewhat 
higher than that of alloys with 1 percent Zr. 


The broad maximum of high-temperature strength on the diagram covers a 
region of alloy compositions containing 40-60 percent Ti,Sn and 60-40 percent 


TigAl. 


The time necessary to reach a bending deflection of 8 mm under testing 


conditions of 750° and a stress of 15 ke /mm@ for alloys of the sections with 1 
and 5 percent Zr in this region of compositions amounts to 100-200 hrs; a bend- 
ing deflection of 10 mm is not reached in alloys with 5 percent Zr after 500 
hrs of testing. 


An alloy of optimum composition based on a solid solution of the compound 
TigAl with zirconium and tin was chosen from the investigated quaternary alloys 


of the quasi-ternary system Ti Al-Zr-Ti26n, taking into account the plasticity 


3 


and technological properties. This alloy was the base for additional alloying 
with vanadium, niobium, molybdenum for the purpose of increasing the technolog- 
ical plasticity. 


2(2 


We illustrate the creep curves based on bending at 750° after testing for 
1,000 hrs the quaternary alloy based on the compound TL AL with zirconium and 


tin and also alloys containing vanadium and niobium (fig. 5). The creep curves 
with 0.5 and 1 percent Mo are not illustrated, since they are the same as the 
curves with 1.5 and 2 percent Nb. 


A comparison of the results obtained shows that vanadium, niobium, and 
molybdenum raise the high-temperature resistance of the quaternary solid solu- 
tion based on the compound TiAl, and that molybdenum and niobium do so to a 


much greater extent than vanadium. This is explained by the fact that niobium 
and molybdenum differ more from titanium in their metallic and chemical proper- 
ties than does vanadium. 


The curves representing the time necessary to reach a given bending de- 
flection of the alloys versus the content of vanadium and niobium (fig. 6) 
indicate that additions of up to 0.5 percent V to the quaternary alloy raise its 
high-temperature strength. This alloy is located in the single-phase region of 
the solid solution based on the compound TiAl. In the alloys with 1 and 1.5 


percent V, there is observed a slight decrease in high-temperature strength as 
a result of the appearance of the two-phase qa + B structure. 


The effect of niobium on the alloy based on the solid solution of the com- 


pound TIZAl with zirconium and tin is analogous to the effect of vanadium. 
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Figure 5. Bending deflection versus relation 
of deformation of Ti,Al-base alloys. containing 


vanadium and niobium at 750° and o = 15 kg/mm®. 


I — Ti;Al + Zr + Sn; 2— TisAl + Zr -+ Sn-+ 0.5% V; 3— TiAl + Zr+. 

+ Sn + 1% V;4— Tis Al+ Zr + Sn + 2% V; 6 — TisAl + Zr + Sn + 1% 

Nb; 6— TisAl + Zr + Sn+ 1.5% Nb; 7 — TisAl + Zr + Sn+ 2% Nb; 
8 — TisAl + Zr + Sn + 3% Nb 
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Figure 6. Time required to reach a bending 
deflection of 8 mm versus composition of 
TizAl-base alloys containing vanadium and 


niobium, at 750° and o = 15 kg/m®. 


Within the limits of its solubility in the compound Ti2AL (up to 2.0 percent), 


niobium gradually increases its high-temperature strength. The lowest strength 
is displayed by the alloy with 3 percent Nb with a two-phase @ + B structure. 

A decrease in the strength of the alloys with molybdenum is observed at a con- 
tent as low as ~l percent Mo, which is due to the appearance of the B phase in 
the structure of the alloys. 


Such a character of the influence of vanadium, niobium, and molybdenum on 
the change in the high-temperature strength in the solid solutions of the com- 
pound TigAL corresponds to the regularities manifested by the influence of these 


elements on the high-temperature strength of titanium, as was established earlier 
in references 6 and 7. 


On the basis of data of microstructural analysis and a study of the high- 
temperature strength, it was shown that alloying elements (vanadium, niobiun, 
molybdenum) raise the high-temperature strength of alloys based on the compound 
TIgAl within the limits of their solubility in this intermetallic compound. 


Thus, the above study makes it possible to select optimum compositions of 
heat-resistant alloys on the basis of the investigated system for working tem- 
peratures of 700-750° 


oT 
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STUDY OF THE MECHANICAL PROPERTIES OF TITANIUM ALLOYS 
AT3, AT4, ATG AND AT8 IN RELATION TO THE TESTING TEMPERATURE 


V. S. Mikheyev 


Alloys AT3, AT4, AT6 and AT8 were developed on the basis of the data ob- 
tained from a study of phase diagrams of a part of the six-component system 
Ti-Al-Cr-Fe-Si-B (ref. 1) and diagrams of the mechanical and physical properties 
of the alloys (ref. 2). The basic properties of the alloys are given in ref- 
erence 3. Alloys AT contain different amounts of aluminum: 3 percent (alloy 
AT3), 4.5 percent (alloy ATH), 6 percent (alloy AT6) and 7.5 percent (alloy 
AT8), The composition of each alloy includes chromium, iron, silicon and boron. 
The total amount of these elements is 1-1.6 percent. Boron is introduced into 
the alloys in the amount of 0.01 percent. Certificates have been issued for 
alloys AT3, AT and AT6. 


The present work is devoted to a study of the mechanical properties of 
industrial melts of alloys AT at a testing temperature from 20 to 800-1000°. 


Rods measuring 14 x 14 mm prepared by forging were annealed for 30 min at 
730° and cooled in air. Standard specimens 5 mm in diameter and 25 mm long 
were prepared from these rods by cold working. 


The mechanical properties of each alloy were studied on 2-3 parallel speci- 
mens of 4-5 melts. 


The content of alloying elements (chromium, iron, silicon) of these alloys 
meets the certificate data; in alloys AT4 (alloy 1) and ATS (alloy 1) there is 
a higher sum of chromium, iron, and silicon (1.81 and 1.98 percent respectively; 
see table). 


Alloys of the optimum composition are nonequilibrium q solid solutions with 
a slight content of the B phase. Results of an investigation of the mechanical 
properties of the alloys at temperatures up to 800-10009 are shown in the figure. 
The latter also illustrates curves representing the change in the mechanical 
characteristics of iodide and magnesiothermic titanium. In highly ductile iodide © 
titanium, as the testing temperature rises to 800°, the ultimate strength de- 
creases approximately from 25 to 1.5 kg/mm. The ultimate strength of titanium 
declines more abruptly as the testing temperature is raised to 200° , and from 
500 to 800°; it changes insignificantly in the temperature range from 200-500°. 
In magnesiothermic titanium TG1, in which the content of impurities (0.06-0.10 
percent Fe; 0.02-0.03 percent Ni; 0.03-0.05 percent Mg; 0.53-0.05 percent Si; 


CHEMICAL COMPOSITION OF TITANIUM ALLOYS AT (IN wt PERCENT). 


Alloying elements 


B 


Q 


Si | Syccr, Fe, Si) 


O.04-0.06 percent C; 0.02-0.06 percent N; 0.005-0.008 percent Ho; 0.15-0.25 
percent O05) and that of other elements is 5-7 times greater than their content 
in iodide titanium, the ultimate strength, equal to 50-60 kg/mm*, is almost 
twice as high. The elongation of magnesiothermic titanium is 25-30 percent; the 


contraction of the cross section is 50-55 percent; the impact strength is 7-10 


kem/cem°. ‘The ultimate strength of technical titanium changes between 20 and 
950° along a curve which declines abruptly toward the abscissa: at 800°, the 


ultimate strength of titanium is approximately equal to 2.5 kg/mm“, and at 950°, 


to about 1.5 kg/mm", As can be seen from the diagram, the curve of the ultimate 


et 


strength of technical titanium declines sharply with rising testing temperature, 
and approaches almost continuously the curve of the ultimate strength of iodide 


titanium. 


The elements aluminum, chromium, iron, silicon and boron introduced into 
titanium alloys AT within the above-indicated limits raise the ultimate strength 
of the alloys considerably as compared to the ultimate strength of iodide ti- 
tanium, and decrease their ductile properties. At room temperature, the ulti- 


mate strength of alloy AT3 is equal to 85-87 ke /mm°. As the testing temperature 
rises to 200°, the ultimate strength of the alloy decreases to approximately 


60-65 kg/mm@, and in the temperature range of 300-500°, changes from 57.1-63.2 


to 53-55.6 kg/mm. As is evident from the course of the curve, when the 
testing temperature is subsequently raised to 700-8009, the ultimate strength 


of the alloy decreases sharply to 14-8 ke/mmn°. As can be seen from the diagram, 
at testing temperatures up to 8009, the curve of the ultimate strength dupli- 
cates the course of the curve of iodide titanium. The ultimate strength of al- 
loys AT4, AT6 and AT8 changes in similar fashion. The diagram shows that as the 
a solid solution becomes increasingly saturated with aluminum, the ultimate 
strength of the alloys increases at room temperature approximately from 85 


ke/mm2 for alloy AT3 to 93.5+102.9 kg/mm= for alloy AT, to 106-115.3 kg/mm 


for alloy AT6 and to 116-124:5 kg/mm for alloy AT8. At testing temperatures 
of 20-9009 in each successive alloy with a higher aluminum content, the ulti- 
mate strength is higher than in the preceding alloy with a lower aluminum 

content. For example, at 500° the ultimate strength has the following values: 


53-55.6 kg/mm for alloy AT3, up to 60 kg/mm for alloy AT4, up to 70 kg/mm 


for alloy AT6 and up to 82 kg/mm© for alloy AT8. At temperatures above }50- 
550°, the ultimate strength of all the alloys decreases abruptly. At 800° in 
alloys AT3, ATH, AT6 and AT8, the ultimate strength is respectively equal to 


10-14, 21.5, 30.7 and 33 kg/mm®; at 900°, the ultimate strength of alloy AT8 


is equal to about 30 kg/mm“, and that of alloys AT4 and AT6 is 2 and 1.5 times 
lower than that of alloy AT8. 


The dependence of the ductile properties of titanium and its alloys on the 
testing temperature is very interesting. The diagram shows that the elongation 
per unit length increases at first as the testing temperature rises to 300°, 
then sharply decreases in the temperature range of 400-500°, then increases 
again as the testing temperature rises further. Beginning at about 550°, the 
elongation per unit length of magnesiothermic titanium is greater than that of 
iodide titanium. 
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Mechanical properties versus testing temperature: 
1, iodide titanium; 2, magnesiothermic titanium; 
3, alloy AT3; 4, alloy ATL; 5, alloy AT6; 

6, alloy ATvé8, 


The elongation per unit length of alloys AT is considerably less than the 
elongation of titanium and changes between 20 and 400° along curves having a 
slight trough in the direction of the abscissa. Above a temperature of about 
400°, the elongation curves of the alloys, after passing through the minimum 
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point, rise slightly at first, then more abruptly at 500°; at these temperatures, 
the alloys acquire a high ductility. 


The reduction of the cross sectional area of titanium specimens at tempera- 
tures approximately up to 450° changes along a rising curve with a minimum at 
400°, At about 450°, the curve changes direction and as the testing tempera- 
ture is raised further, rises still more steeply. A decline in ductile proper- 
ties, particularly in relation to the elongation per unit length of titanium 
from 300 to 400° had been observed earlier by many investigators. However, the 
cause of this phenomenon has not yet been established. It may be postulated 
that the decrease in the ductility of titanium and also that of alloys of the 
system Ti-Al-Cr-Fe-Si-B is partially caused, in addition to other factors, by 
the influence of hydrogen. 


The influence of aluminum on the ductility of the alloys at a given tem- 
perature can also be followed on this diagram, As the aluminum content of the 
a solid solution increases, the ductility of the alloys decreases (see figure). 


The table shows the change in the content of the sum of chromium, iron, 
and silicon within the limits of a given composition. As the total content of 
chromium, iron and silicon increases, the ultimate strength of the alloys in- 


creases as follows: in alloy AT3, from 75 to 88 kg/mm*; in alloy AT4, from 90 
to 105 ke/mm®; in alloy AT6, from 106 to 115.3 kg/mm*; in alloy AT8, to 124 


ke /mm, The ductile properties of the alloys thus decrease: for instance, the 
elongation decreases from 14-15.9 percent in alloy AT3 to 8 percent in alloy 
AT8 No. 1, i.e., at the upper limit, and to 14.6 percent in alloy AT8, No. 2, 
i.e., at the lower limit. 


Summary 


1. Six-component alloys of the system Ti-Al-Cr-Fe-Si-B of the optimum 
compositions AT3, AT, AT6, and AT8 basically have the structure of an q solid 
solution with a very small amount of the B phase; they are characterized by 
high mechanical characteristics at room temperature and higher temperatures (up 
to 450-600°). 


2. As the aluminum content of the six-component alloys of the system Ti- 
Al-Cr-Fe-Si-B increases from 3 to 8 percent, the total content of chromium, 
iron, silicon, and boron being constant, the ultimate strength of the alloys 
increases. Thus, alloy AT3 has an ultimate strength of up to 80 ke/mm-, and 


alloy AT8, up to 12} ke /mm*. The ductile characteristics (elongation per unit 
length and transverse contraction) decline. 


3. As the testing temperature is raised, the ultimate strength of titanium 
and that of alloys AT3, AT4, AT6 and AT8 decreases, and does so most rapidly at 
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a temperature above 450-500°, The elongation per unit length and transverse 
contraction of the alloys undergo little change as the temperature is raised to 
approximately 450°, but increase sharply as the testing temperature is raised 
further. 
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STUDY OF THE COMPARATIVE HEAT RESISTANCE OF TITANIUM ALLOYS 
SHEET AND ITS WELD JOINTS AT 450, 550, 650 and 700° 


I. I. Kornilov, 0. N. Andreyev, V. M. Voshedchenko 
, and V. A. Karmanov 
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HIGH-TEMPERATURE STRENGTH OF ALLOYS OF THE QUATERNARY 
SYSTEM Ti~Al-Mo-V 


Ye. N. Pylayeva and Ko Chih-ming 


The present article reports on a study of the dependence of the high- 
temperature strength of alloys of the systems Ti-Al-Mo and Ti-Al-(Mo:V = 1:1) 
on their composition and structure. The position of these systems in the 
tetrahedron of the quaternary system Ti-Al-Mo-V is shown in figure l. 


The method of long-time hot hardness (ref. 1) and the centrifugal bending- 
test method were used in the study (ref. 2). 


Tests for long-time hot hardness were carried out on a VIM-1 vacuum unit 
(ref. 13) at a load of 1 kg and a deformation time of 1, 5, 10 and 20 min. 


In high-temperature strength tests involving the centrifugal method, the 


bending stress was 15 ke /mm™, and the testing temperature was varied from 550 
to 800° depending upon the aluminum content of the alloys. 


Figure 1. Location of the systems Ti-Al-Mo 
and Ti-Al-(Mo:V = 1:1) in the tetrahedron of 
the quaternary system Ti-Al-Mo-V. 
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Using the method proposed in reference 4, we calculated the plastic defor- 
mation rates Vg from data on the long-time hot hardness of alloys of the system 


Ti-Al-Mo at 700°. The deformation rate, calculated for the same specified size 
of the indentation, corresponds to conditions of plastic flow when the same _ 
specific pressure of the indenter is acting on the specimen. The relative high- 
temperature strength of the alloys studied can be evaluated from the values of 
the deformation rate. 


Let us examine the curves representing the influence of molybdenum concen- 
tration on the logarithm of the deformation rate 1n vg of the alloys (fig. 2). 


In the binary alloys of the system Ti-Mo (fig. 2, curve 1), addition of up 
to 3 percent Mo decreases the deformation rate somewhat, and as the molybdenum 
content increases to 1O percent, the effect of this element is almost unnotice- 
able. 


In the ternary alloys with 5, 15 and 20 percent Al (fig. 2, curves 2, 3 
and 4), as the molybdenum content increases from zero to 10 percent, the defor- 
mation rate of the alloys decreases at first (minimal values are reached at a 
molybdenum content of about 1 percent), then after a certain increase remains 
practically constant. This means that ternary alloys of titanium with 1 per- 
cent Mo containing respectively 5, 15 and 20 percent Al have a maximum high- 
temperature strength at 700° as compared to the rest of the alloys. 


These conclusions cOncerning the high-temperature strength of ternary 
alloys were confirmed by data on bending tests carried out by the centrifugal 
method. The "composition--high-temperature strength" diagrams of alloys of the 
system Ti-Al-Mo along sections with 5 percent Al (fig. 3, curve 1) 10 percent 
Al (fig. 3, curve 2), 15 percent Al (fig. 3, curve 3) and 20 percent Al (fig. 
3, curve 4) show that the maxima on the curves representing the change in high- 
temperature strength correspond to a content of about 1 percent Mo. This 
corresponds to the boundary of the transition from q@ solid solutions to the 
region of @ + B phases on the phase diagram of the system Ti-Al-Mo. From this, 
One can conclude that in the investigated part of the system Ti-Al-Mo, the 
maximum high-temperature strength at 600-800° is displayed by those ternary ti- 
tanium alloys whose compositions are located in the vicinity of the solubility 
limit of molybdenum in the qa solid solution. 


Let us examine the dependence of the high-temperature strength of the alloys 
of the system Ti-Al-Mo along the section with 5 percent Al on the molybdenum con- 
centration (fig. 4). 


Up to 5 percent Mo, the change in the high-temperature strength in the al- 
loys retains the pattern established above, i.e., as the molybdenum concentra- 
tion rises, the high-temperature strength increases at first within the confines 
of the a@ solid solution and reaches a maximum near the saturation boundary at a 
content of about 1 percent Mo; when the @+ B region is reached, the strength, 
after a slight decrease, remains practically constant up to 5 percent Mo. 


23), 


in Vq 


2 4& 6 8 WW. 
_ Mo, wt percent 
Figure 2. Effect of molybdenum concentration on 
the values of In v, at 700°: 1, binary alloys 


of the system Ti-Mo; 2, ternary alloy with 5 per- 
cent Al; 3, ternary alloy with 10 percent Al; 
4, ternary alloy with 20 percent Al. 


time required to reach a 
bending deflection of 2 mm, hr 


729 46 S 
Mo, wt percent 


Figure 3. Time required to reach a bending de- 
flection of 2 mm, versus molybdenum content for 
alloys of the system Ti-Al-Mo at 600-800° and 

o = 15 kg /mm?: 1, section with 5 percent Al; 
2, section with 10 percent Al; 3, section with 
15 percent Al; 4, section with 20 percent AL. 
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Figure 4. Time required to reach a given bending 
deflection versus molybdenum content for alloys of 
the system Ti-Al-Mo with 5 percent Al at 600-7009 


and o = 15 kg / mmo. 


A further increase in molybdenum concentration causes a decrease in high- 
temperature strength; the strength curve, passing through a minimum at ~25 
percent Mo, again rises sharply as the composition of the alloys approaches the 
boundary between the B solid solution and the q@ + B regions. 


The alloy with 5 percent Al and 35 percent Mo, located near the boundary 
of transition from the B solid solution to the a+ B region, softens only from 
a temperature of 700°. 


On the basis of a systematic study of the experimental data obtained from 
the bending test by the centrifugal method, we plotted the "composition--high- 
temperature strength" diagram of alloys of the system Ti-Al-(Mo:V = 1:1) shown 
in figure 5. 


The diagram is divided into a number of portions. These portions indicate 
the temperatures at which after 100 hrs of bend-testing by the centrifugal method 
at a bending stress of 15 kg/mm, the alloys of the corresponding composition 
reach a bending deflection of 5mm. From the indicated temperatures, one can 
evaluate the relative high-temperature strength of alloys of the system Ti-Al- 
(Mo:V = 1:1). The phase regions of the system at 600° are indicated by broken 
lines on the diagram. 


The diagram shows that as the composition and structure of the alloys change, 
the testing temperature changes from 550° for alloys adjacent to the side of Ti- 
(Mo:V = 1:1) to 800° for alloys from the region of the a solid solution with a 
high aluminum content. For alloys from the region of the y solid solution based 
on the compound TiAl, the testing temperature is above 800°. 


From the tests performed it follows that in the system Ti-Al-(Mo:V = 1:1) 
the dependence of the high-temperature strength on the composition and structure 
of the alloys obeys the relationships established for alloys of the system 
Ti-Al-Mo, i.e., a maximum high-temperature strength characterizes quaternary 
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titanium alloys whose compositions are located in the vicinity of the boundary 
of transition from q@ solid solutions into the region of @ + 8 phases. 


Among the investigated alloys, those having the highest strength were from 
the region of the quaternary y solid solutions based on the compound TiAl. 


Thus, according to the physicochemical theory of high-temperature strength 
(ref. 5), the diverse nature of the chemical interaction of the components in 
the quaternary system Ti-Al-Mo-V permits the formulation of the following re- 
lationships in the change of the high-temperature strength of alloys of this 
system. 


As shown by the data obtained in the determination of the long-time hot 
hardness at 700°, in the binary system Ti-Mo the change in high-temperature 
strength at molybdenum concentrations from zero to 10 percent corresponds to 
the third type of "composition--high-temperature strength" diagrams. Since 
the concentration of the binary q solid solution in the system Ti-Mo is very 
low (less than 0.8 percent) and is independent of temperature, a-Ti is prac- 
tically devoid of the solution mechanism of hardening. 


The high-temperature strength of the alloys depends primarily on the amount 
of the B phase hardened by molybdenum and on the nature of the interaction at 
the interface of the q and 8 phases. 


In the systems Ti-Al-Mo and Ti-Al-(Mo:V = 1:1) along the sections with a 
constant aluminum content of 5, 10, 15 and 20 percent, the dependence of the 
high-temperature strength of the alloys on the molybdenum concentration or the 


Mo + V,wt go & Al, wt 


percent 


Pi 
VZ 


50 


Figure 5. Region of alloys of the system 
Ti-Al-(Mo:V = 1:1) with the same testing 
temperature required to reach a bending de- 


flection of 5 mm in 100 hrs at o = 15 ke /mm®. 
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sum of molybdenum and vanadium corresponds to the second type of "composition-- 
high-temperature strength" diagrams. The introduction of aluminum into alloys 
of these systems leads to an increase in the solubility of molybdenum and vana- 
dium in the ternary and quaternary qa solid solutions. Alloys hardened by 
aluminum as a result of the formation of solid solutions and compounds are 
additionally hardened by the solution mechanism and possibly dispersion mecha- 
nisms of hardening. The most heat-resistant titanium alloys at 600-800° are 
those whose compositions are located near the boundary of the transition from 
a solid solutions (ternary and quaternary) to the region of a@ + B phases. 


Of the alloys which we studied, the most heat-resistant ones are those 
with y solid solutions based on the compound TiAl. The great high-temperature 
strength of the compound TiAl is due to the great stability of its chemical 


bonding. However, alloys of this series are not deformed and may find appli- 
cations as heat-resistant casting alloys. 
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THERMAL STABILITY OF ALLOYS AT3 AT TEMPERATURES OF 350 AND 400° 
K. P. Markovich and V. S. Mikheyev 


In connection with the possibility of using alloy AT3 in units operating 
for extended periods of time at temperatures of 350-4009, a study of the sta- 
bility of this alloy under operating conditions seemed of great interest. 


Two industrial melts of alloy AT3 with the same content of aluminum and 
boron (within the limits of their solubility in q-Ti) and different content of 
the sum of alloying elements X(Cr, Fe, Si) were selected for the present in- 
vestigation. 


The chemical composition (in wt percent) of the investigated melts of alloy 
AT3 was as follows: 


Alloy Ti Al Cr Fe Si B f= (Cr, Fe, Si) 


AT3-1 Base 2.7 0.60 0.30 0.36 0.01 1.26 
2.8 0.7 


7 
At3-2 Base 2.8 9 0.44 0.30 0.01 1,53 


Our earlier work on the determination of the solubility of the sum of the 
alloying elements X(Cr, Fe, Si) in the proportion of 1:1:1 in a ternary a@ solid 
solution (3 percent Al and 0.01 percent B) showed that the maximum solubility 
of the sum of these elements at 500° is equal to about 0.75 percent (ref. 1) and 
that it increases with the temperature. Thus, it should be assumed that the 
compositions of alloy AT3 selected for the present investigation are Located 
near the limit of the maximum saturation q phase + excess phase in a state close 
to equilibrium. Therefore, their phase composition in the state of equilibrium 
should correspond to the structure q phase + excess phase. It may be postulated 
that embrittlement may take place as a.result of the precipitation of the excess 
phase when the alloy operates in the indicated temperature range for a very long 
time (up to 20,000 hrs). In this connection, a study of the aging of alloy AT3 
was made at temperatures of 350 and 400° for 10,000 hrs without stress and in an 
ordinary atmosphere. 


The thermal stability of titanium alloys of the AT series was studied by the 
authors of reference 2 for various contents of aluminum and of the sum of the 
alloying elements besides iron and silicon for 100 hrs at temperatures of 00, 
450 and 500°. The study established that the titanium alloys AT3, AT4, AT6 and 
AT8 tested under the selected conditions displayed a high thermal stability. 
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The stability of titanium alloys AT3, AT4 and ATO was studied at 400 and 
450° for 300-7,000 hrs (ref. 3). The investigation showed that after an aging 
test under the above-indicated conditions, the ductility of alloy AT3 decreases 
during the initial stage of the aging and is almost completely restored to the 
original state after 3,000 hrs of aging. 


In an aging test lasting 2,50 hrs in a medium of saturated water vapor at 
100° without stress, alloy AT3 did not show any decrease in ductility either. 


In the present investigation, use was made of forged bars 14 x 14 mm in 
cross section from two melts prepared by the vacuum method of double melting 
under plant conditions. The following starting materials were used to prepare 
the alloys: titanium sponge TGO with an ultimate strength of 39-43 kg /mm= ; 
technical silicon KR, chromium Khl, technical iron, aluminum A100 and a 
chromium-boron master alloy (wp to 10 percent B). The charge of the alloy 
was calculated to contain up to 3 percent Al and X(Cr, Fe, Si) at the inter- 
mediate and upper limit. 


Alloys AT3-1 and AT3-2 in the forged state and after annealing had the 
following mechanical characteristics (determined by the standard method on 
specimens prepared from forged bars 14 x 14 mm in cross section): 


After annealing for 30 min at 


Alloy At'ter forging 850° and cooling in air 


Op Og an Ob Oo 
ke/mm= kg/mm bh vf kem/em’ kg/mm ke /mn@ 


AT3-1 86.4 8h.9 14.5 43.2 7.7 86.3 85.0 1h. 
AT3-2 90.1 87.84 14.0 58.10 6.6 B45 81.5 17. 


The aging of alloy AT3 was studied on blanks taken from a forged bar 
14 x 14 mm in cross section. The blanks were placed in a heated furnace with- 
out preliminary annealing. The mechanical properties and microstructure dur- 
ing aging were studied after holding times of 100, 500, 1,000, 2,000, 3,000, 
5,000 and 10,000 hrs. 


The etching was carried out in a special solution (1 pt. HF + 2 pts. 
HoNO. + 3 pts. glycerin). In order to prevent a strong oxidation of the 


polished sections, the latter were washed in a concentrated solution of soda, 
then in water. 


Results 
1. Change in the mechanical properties of alloys in the course of aging. 


The change in the mechanical properties of alloys AT3-1 and AT3-2 in the course 
of aging lasting 10,000 hrs at 350 and 400° is shown graphically (figs. 1-4). 


291 


OL, Wd anne: 7 Cn I SO aT ee 
E gle} tL Jae eee 
A  w woe i (ee 
B PCP EEE 
§ 8 eee et 
a Oo SS tt ot re ca 4 | 0 
» © gl Toys 2 pt 
5 ptt it tt tt tt | ! | | 
6 SESS 
eee OO 
2000 4000 6000 8000 70000: 
duration of aging, hr 
Figure Ll. 


Change in the mechanical properties of alloy AT3-1 
in the course of aging at 350° for 10,000 hrs. 
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Change in the mechanical properties of alloy AT3-c2 
in the course of aging at 350° for 10,000 hrs 
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Figure 4, Change in the mechanical properties of alloy AT3-2 
in the course of aging at 400° for 10,000 hrs. 


The lower part of the graphs shows the dependence of the impact strength 
on the duration of aging, the upper part shows the change in the ultimate 
strength and yield strength, and the middle part shows the change in the ductile 
properties which took place during the elapsed aging-time interval. 


The graphs show that in the course of aging at 350 and 400° for 10,000 hrs 
the strength of the alloys characterized by the values of Or, and o, does not 


change appreciably. 
Thus, for example, the ultimate strength o, of alloys AT3-1 and AT3-2 after 


forging is equal respectively to 86.4 and 90.1 ke /mm*. After aging for 10,000 
hrs at 350°, the indicated alloys had an ultimate strength of 87.62 and 93.69 


ke /mm®, respectively, i.e., this characteristic remained practically unchanged. 
The same dependence of the ultimate strength on the duration of aging is also 
observed at 00°, . 

The ductility of the alloys 5 does not change during the aging process 
either, and is represented by a straight line on "properties--aging time" 
diagrams. 

The elongation per unit length 6 of alloys in the initial state was 14.3-14 
percent, and after long aging became equal to 15 percent in alloy AT3-1 and 13.8 
percent in alloy AT3-2. ~ 


The necking f of alloy AT3-1 decreases from 43.2 percent (after forging) 
to 36 percent (after aging for 10,000 hrs at 3509) and 34.4 percent (after aging 
for 10,000 hrs at 400°). These values of the ductility are fairly high for an 
aging time of 10,000-12,000 hrs. The transverse contraction of the neck decreases 
more appreciably in alloy AT3-2. 


After 10,000 hrs of aging, yw decreases from 56.1 to 46.13 percent (at an 
aging temperature of 350°) and to 35.8 percent (at an aging temperature of 00°). 
The value y = 35.8 percent is also significant in characterizing the ductility 
of the alloy after long aging. — 
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The impact strength decreases during aging. However, in the range of 
holding times of 2,000-5,000 hrs, it remains constant for both alloys (a, = 


7.5-5.5 kgm/em®) and decreases to 3.5-3.75 kgm/em* only after aging for 10,000 
hrs. 


©, Change in the microstructure of alloy AT3. A study of the microstruc- 
ture made it possible to establish that alloy AT3 after forging has the struc- 
ture of an @ solid solution with a small amount of residual £6 phase (fig. 5a) 
independently of the total content of chromium, iron and silicon. 


In the course of long aging under the selected conditions, the structure 
undergoes little change. This is indicated by photomicrographs obtained after 
different aging conditions at 350 and 400°. 


Microphotographs of alloy AT3-1 after forging for 5,000 and 10,000 hrs at 
350 and 400° (fig. 5) show a two-phase structure and a texture that is coarser 
than in the forged state. 


The higher alloy AT3-e has a similar structure at 350 and 4OoO0° and the 
corresponding holding times (fig. 6). 


A study of the microstructure of the aged alloy AT3 at a constant aluminum 
content and a variable total content of chromium, iron and silicon following 
various holding times revealed that the phase composition of the alloy under the 
indicated aging conditions remains unchanged over such a long period of time. 


The residual B phase in alloys AT3-1 and AT3-2 in the range of 500-600° 
should exhibit a eutectoid decomposition with the formation of ana phase and an 
intermetallic phase of complex composition. Since the aging of alloy AT3 took 
place at relatively low temperatures (350 and 400°), in the range of which the 
diffusion processes are strongly inhibited, this diffusion did not occur. The 
structure of the alloy remains a nonequilibrium structure and consists chiefly 
of an qa solid solution and anundecomposed B phase. For this reason, the prop- 
erties of the alloy (a, o, and 5) remain at the level of the original ones 
independently of alloying after such long aging. However, long aging at 400° 
causes a strengthening of the grains of the a phase, and this affects the 
ductile characteristics of the alloy, y and a,, the value of which decreases 
with increasing grain size. 


In addition, in such long aging in an atmosphere of air, the surface oxi- 
dation of the alloy and the hydrogen, which sharply decreases the impact 
strength, may also exert a certain influence. 


Summary 


1. The aging of alloy AT3 containing 2.7-2.8 percent Al and 1.26 and 1.53 
percent X(Cr, Fe, Si) was studied in the course of 10,000 hrs at temperatures of 
350 and 400°. The investigation showed that, irrespective of alloying, the phase 
composition of the alloy does not change under the selected aging conditions. 


20), 


Figure 5. Microstructure of alloy AT3-1 after forging and aging at 350 
and 400°, x 340: a, forged; b, 350°, 5,000 hrs; c, 350°, 10,000 hrs; 
d, 400°, 5,000 hrs; e, 4009, 10,000 hrs. 


Figure 6. Microstructure cf alloy AT3-2 after aging at 350 and 400°, 
x, 340: a, 350°, 500 hrs; b, 3509, 3,000 hrs; c, 350°, 5,000 hrs; 

a, 350°, 1,000 hrs; e, 400°, 500 hrs; f, 400°, 3,000 hrs; g, 400°, 
5,000 hrs; h, 400°, 10,000 hrs. 
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The structure remains a nonequilibrium structure and consists of an @ phase and 
an undecomposed £8 phase. 


2. Alloy AT3 does not embrittle in the course of long aging (up to 10,000 
hrs) at 350 and 400°. The ultimate strength and elongation per unit length of 
the alloy remain at the level of tthe original values independently of alloying. 

3. The drop in y and a, is due to the growth of the grains of the @ phase 
and probably to the absorption of hydrogen by the alloy in the course of the 
aging. 
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EFFECT OF CONDITIONS OF PLASTIC DEFORMATION AND SUBSEQUENT TREATMENT 
ON THE PROPERTIES OF CERTAIN. TITANIUM ALLOYS 


I. M. Pavlov, Yu. F. Tarasevich and A. Ye. Shelest 


In the present work! a study was made of the influence of the magnitude of 
plastic deformation and subsequent cooling at various rates on the mechanical 
properties of certain @ + 8 alloys -- the OT martensitic-type alloy and alloys 
VI6 and VIL in which the B phase may be partly fixed at room temperature. 


The treatment of the alloys consisted in rolling specimens of square cross 
section on a "200" roll mill with reductions in area of 20, 40 and 60 percent 
over a temperature range of 1100-500° (every 100°). The rolling rate was 0.5 
m/sec. For each experimental point, three specimens were rolled of which one 
was cooled in water, the second in asbestos, and the third in air. 


First, the cooling rate of the specimens in the cooling media was measured 
by means of thermocouples located on the surface and at the center of the 
specimens. Thus, for alloy VT4, the following cooling rates were obtained: in 
water, 60-70 deg/sec; in asbestos, 4.5-5 deg/sec; in air, 6-6.5 deg/sec. 


The following mechanical characteristics were determined: hardness HB, 
proportional Limit Oy. yield strength op 5, ultimate strength O12 relative 
contraction of cross-sectional area y and elongation per unit length 6. The 
hardness was determined on the surface of the specimens after removing the gas- 
saturated layer by polishing with an emery wheel. 


The remaining mechanical characteristics were determined by subjecting to 
tensile tests specimens 3 mm in diameter which were cut out of rolled blanks in 
the direction of the axis of rolling. The tests were carried out with two 
machines: a P-5 machine at an extension rate of the specimen of ~1 percent/ 
sec and on a Gagarin press at an extension rate of ~0.05 percent/sec. 


The tensile-test diagrams obtained with the Gagarin press showed loads 
corresponding to the proportional limit and yield strength (ref. 1). The dimen-— 
Sions of the specimens before and after extension were measured with an instru- 
ment microscope. The gauge length of the specimen taken was the distance be- 
tween the tips (20 mm) minus the two radii of curvature of the tips (2 mm), 


lye. G. Konstantinov participated in this work. 
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i.e., 18 mm. Extension oi specimens with marks made at a distance of 15 mm from 
each other (corresponding to standard quintuple specimens) showed that the values 
obtained for the elongation per unit length should be enlarged by approximately 
15-20 percent. 


Given below are the results of hardness tests of these alloys and the re- 
sults of tensile tests of alloy OT4. 


Hardness data obtained with a Brinell press as shown in figures 1-3. The 
Brinell hardness test has advantages in studies of alloys which are inhomogene- 
ous in structure; in addition, this method essentially corresponds to the de- 
termination of hardness from the degree of penetration of one body into another 
(ref. 2). 


Cooling in water from 900-1100° sharply increases the hardness of all the 
alloys. In alloy VT14 (fig. 3), the difference in the hardness of speciméns 
cooled in air and in asbestos is apparent, and the increase in hardness takes 
place to a lesser extent. 


The hardness of all the alloys changes slightly upon cooling from 500-800° 
(region of existence of the a phase) for a 20 percent reduction. For a 0 per- 
cent reduction, an increase in hardness is apparent as the rolling temperature 
drops below 800° ; this may be explained by the prevalence of the phenomenon of 
work hardness over the recovery phenomena occurring at these temperatures. 


The relative contraction of the cross sectional area and the elongation for 
alloy OT4 were the same in extension on the P-5 machine and on the Gagarin press, 
and the ultimate strength determined by testing with the P-5 machine was found 
to be 5-7 percent higher than in testing with the Gagarin press. 


The dependence of the ultimate strength obtained by tensile tests with the 
P-5 machine on the conditions of the treatment is shown in figure }. 


The influence of the cooling rate on On is manifested only at rolling 


temperatures above 900°. Certain data (ref. 3) indicate the absence of response 
to hardening heat treatment in alloy OT4, although cooling in water from the 
temperatures of existence of the B phase raises the ultimate strength of the 


alloy to 93-100 kg/mm®, which is equal to 82-85 kg/mm© at moderate cooling 
rates. 


At 20 percent reduction, the yield strength changes smoothly with a change 
in rolling temperature. At higher reductions, this regularity is not manifested, 
confirming the influence of the value of plastic deformation on the mechanical 
properties of the alloy. 


Over the entire range of rolling temperatures and at all cooling rates 
(with the exception of a few cases at 1000° and cooling in air), the relative 
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Figure 1. Dependence of hardness on the rolling 
temperature, reduction in area and cooling condi- 
tions of alloy OT4: a, 20 percent reduction; b, 
4hO percent reduction; c, 60 percent reduction; 

1, cooling in water; 2, cooling in asbestos; 3, 
cooling in air. 


contraction increases with an increase of the reduction in area, and the tem- 
perature dependence of the curves of the reduction in area is the same, having 
a minimum at 1000° and a maximum at 700°. 
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Figure 2. Dependence of hardness on the rolling temperature, 
reduction in area and cooling conditions of alloy VI6: a, 20 
percent reduction; b, 40 percent reduction; c, 60 percent re- 
duction; 1, cooling in water; 2, cooling in asbestos; 3, cool- 
ing in air. 
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Figure 3. Dependence of hardness on the rolling. 
temperature, reduction in area and cooling condi- 
tions of alloy VT14: a, 20 percent reduction; 
b, 40 percent reduction; c, 60 percent reduction; 
1, cooling in water; 2, cooling in asbestos; 3, 
cooling in air. 


The elongation per unit length decreases on rolling from temperatures below 
800° 5 the maximum values of 6 are obtained at moderate rates of cooling from 
1100~., 
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Figure 4. Dependence of the ultimate strength of 
alloy OT4 on the rolling temperature, reduction in 
area and cooling conditions; a, 20 percent reduc- 
tion; b, 40 percent reduction; c, 60 percent reduc- 
tion; 1, cooling in water; 2, cooling in asbestos; 
3, cooling in air. 


The data obtained in the present work make it possible to distinguish the 
principal methods of raising the mechanical properties of titanium alloys by 
means of their thermomechanical treatment. It should.be kept in mind, however, 
that the thermal stability of alloys after such treatment will be fairly low, 
so that articles made from them can be used only at normal temperatures. The 
possibilities of using articles from titanium alloys subjected to thermo- 
mechanical treatment at higher temperatures require additional investigations. 
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SOME STUDIES OF THE STRUCTURE AND PROPERTIES OF ALLOY VI'5-1 
DURING HEATING FOR STAMPING 


Ya. M. Dityatkovskiy, N..-M. Pul'tsin, V. B. Pokrovskaya 
and V. A. Vinogradov 


The hot working of titanium alloys is hindered by their activity at high 
temperatures; titanium combines with atmospheric oxygen, and the components of 
air dissolve in the metal. Part of the metal is thus converted into scale, and 
in the surface layer of the blank the hardness and brittleness are considerably 
increased. 


In order to preserve the technological ductility of a blank, the layer of 
metal saturated with the components of air is removed either by etching or by 
machining. Thus, the heating of titanium alloys entails the loss of metal both 
in the scale and in the eliminated converted layer. 


The problem of the quantity of metal lost in technological heating, for 
example, in the process of stamping, requires special investigations, since the 
use of high heating temperatures providing for an increase in ductility and 
Facilitating the stamping causes an appreciable loss of the metal in the scale 
and in the eliminated layer, and, although a decrease in the heated temperature 
causes a decreased metal loss, it does not provide for the desired ductility. 
Such investigations should aim at the establishment of an optimum heating tem- 
perature which provides for the desired ductility of the metal and its minimum 
loss in the scale and eliminated layer. The increase in the weight of the 
blank during heating can be used as a measure of the loss of metal. 


To determine the weight increase, use was made of round specimens cut from 
a rod which after turning were 35 mm in diameter and 10 mm high. The weight of 
the specimens was about 0 g. 


The investigations of the converted layer, its thickness, hardness and 
structure were carried out on wedge-shaped bars. This shape facilitates the 
preparation of oblique polished sections and the study of the depth of the 
layer. A sketch of such a specimen is shown in figure l. 


Results of the investigation of weight increase (table 1) showed that its 
magnitude increases substantially as the heating temperature of the blanks is 
raised. Thus, for example, after a holding time of 0.5 hr, the specific weight 


increase of the specimens at 700° is 0.034 g/m@ hr, at 800°, 0.062 g/m hr, 
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Figure 1. Sketch of specimen for studying 
the structure and hardness of the layer. 


TABLE 1. INCREASE IN WEIGHT OF TITANIUM ALLOY VI5-1 DURING 
HEATING IN AN ATMOSPHERE OF ATR IN AN ELECTRIC FURNACE (IN 


g/m= HR). 
Holding time, hr 


OC 
UI 


Experi- 
mental 
data 


0.5 to 2 hrs 


Temperature, °c 


Decrease in weight 
on increasing the 
holding time from 


Average 


700 | 0.0 0.011; 0.0094 3.62 
; 0.020: 
| 0.020 
800 | 0.053; 0.04 1.55 
0.047; 
0.052 
900 0.27; 0,27; 0.15 3.05 
0.26 
4000 0.58; 0.60; 0.32 2.5 
0.57 
4100 0.96; 0.97 0.67 1.4 
1200 4,7; 4.7 3.36 1.6 


at 900° 0.46 g/m2 hr, at 10009, 0.8 g/m hr, and at 1100°, 0.94 g/m2 hr, 
at 1200°, 5.4 e/m= hr. 


If the weight increase at 700° is taken as unity, then, | as shown by calcula- 
tions, at higher temperatures (800, 900, 1000, 1100 and 1200°), it will be, 
respectively, 2, 14, 24, 28 and 159. A substantial weight increase is observed 
in passing from "800 to 9000 (sevenfold) and from 1100 to 1200° (sixfold). 


Analysis of the data obtained shows that in heating titanium alloy VT5-1 
for forging and stamping, one should not use a temperature above 1100° because 
the metal lost in the scale and in the eliminated saturated layer is thus 
appreciably increased. 
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As the holding time is increased, the specific weight increase decreases 
substantially. Thus, for example, at 900°, an exposure of 0.5 hr is associated 


with an increase of 0.46 g /m@ hr, and an exposure of 2 hrs, with only 0.15 g/m= 
hr, i.e., a loss 3.05 times smaller. A similar picture is observed at other 
temperatures as well. 


A reduction in the specific weight increase with increasing holding time 
may be explained by the self-inhibition of the saturation process. The layer 
of oxides formed as well as the layer of the solid solution of impurities in 
titanium hinder a further absorption of the components of air by the metal to 
a certain extent: the diffusion of impurities through the scale and through 
the converted layer is slowed down. 


It should be noted that as the temperature is raised, the reduction in the 
weight increases with the holding time. Whereas at 900° an increase in holding 
time from 0.5 to 2 hrs causes a 3.05 fold drop in the weight increase, at 1100° 
the weight increase is reduced only 1.4 times. This may be explained by an in- 
crease in the rate of diffusion at high temperatures and a decrease in the self- 
inhibition effect, 


The study of the modified layer was made by means of metallographic analysis 
and microhardness measurements. It was found that the surface layer as a result 
of saturation with atmospheric oxygen acquires a greater hardness, and that the 
a structure of the solid solution undergoes a change which is visible under the 
microscope. 


The results of the investigations are shown in table 2 and figure e. 


TABLE 2. EFFECT OF ANNEALING OF ALLOY VI5-1 ON THE NATURE OF THE 
SURFACE LAYER FOR A HOLDING TIME OF 1 HR 


Annealing Microhardyess , Depth of Microstructure 
temperature, kg/mm modified layer, 


of transi- 
°C of surface of core ; 1 


tion layer of core 


of surface 


900 55 300 CE FE + FN |FE + FV 
1000 881 300 CR CE + FN | FE + FV 
1200 1140 300 CE CE + CB CB 


Symbols designating the structures: CE - coarse-grained equiaxial, 
FE - fine-grained equiaxial, FN - fine-grained nonequiaxial, CB - 
coarse-grained basketlike. 


lye. A, Bodrova participated in the work. 
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Figure 2, Microstructures of specimens of titanium alloy VT5-1 
soaked for 1 hr, x 450: a, surface; b, transition layer; c, core; 
1, at 12009: “IT, “at. L000? 3) TEL, ‘ab. goo". 


These results confirmed the known literature data to the effect that as the 
heating temperature rises, the hardness and depth (thickness) of the surface 
layer of the titanium alloys increase. In this case, there is observed an in- 
crease in the microhardness in the surface layer of alloy VTI5-1 from 300 to 545 


ke/mm© after soaking at 900°, to 881 kg/mm@ at 1000° and to 1140 kg/mm® at 
1200. The depth of the layer, defined as the thickness of the zone of greater 
hardness, comprises respectively 0.12, 0.15 and 0.28 mm. 


The literature data (ref. 1) on the influence of oxygen on the hardness of 
titanium and its alloys make it possible to solve the problem of determination 
of the amount of oxygen in titanium by means of the hardness. 


Knowing the oxygen concentration in the layer, one can correctly analyze 
those structural changes which are observed as a result of annealing the single- 


phase a alloy VT5-1. 
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Photomicrographs of the structures of the alloy at the surface, in the 
intermediate layer and in the core (fig. 2) at various soaking temperatures in- 
dicate that the structure visible under the microscope depends not only on the 
soaking temperature but also on the oxygen content; this structure changes from 
the surface of the specimen to the core. 


It would seem that oxygen, which is an aq stabilizer, should not change the 
structure, visible under the microscope, of titanium alloy VT5-1, which has a 
single-phase structure of the qa solid solution (ref. 2). However, the struc- 
tures, visible under the microscope, of the surface layer containing a signifi- 
cant amount of oxygen, of the transition zone and of the core differ neverthe- 
less (fig. 2). An equiaxial structure of a solid solution is observed in the 
surface layer, whereas a basketlike structure is observed in the core. 


Such a difference in structure due to a nonuniform content of oxygen, re- 
sults from the fact that oxygen raises the temperature of the allotropic transi- 
tion of titanium. 


Soaking of the alloy at 1200° is not associated by a shift of the phase 
transformation boundary on cooling and produces coarse equiaxial grains of the 
Q phase in the surface layer (fig. 2a,). 


In the transition layer, the equiaxial structure is obtained only partly 
(fig. 2b;). It is present together with the basketlike structure of the a 


phase, obtained by cooling from the B solution after soaking in the intermediate 
a+ PB region. 


The core, which in the process of soaking at 1200° consists of markedly 
grown grains of the B phase, assumes a coarse basketlike structure with very 
large elements of the a phase on cooling (fig. 2cy). 

Soaking of the alloy at 1000° produces almost the same results. The sur- 
face layer of the specimens has a coarse crystalline equiaxial structural of the 
a phase (fig. 2a,;,). Both an equiaxial and a nonequiaxial a phase is observed 
in the transition Layer (fig. 2b,7), While a finely crystalline not coarse 
basketlike structure is observed in the core (fig. 2erq)> Which is explained by 
the absence of overheating in the B region. 

The 900° isotherm for the alloy with an equal content of oxygen does not 
intersect the lines of the phase transformations. For this reason, almost no 
nonequilibrium formations of the q phase are observed in the structure. 

Summary 
1. The weight increase of specimens during heating for stamping increases 


considerably at temperatures above 800° and particularly on heating at 1100°. 
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The magnitude of the specific weight increase at various temperatures decreases 
with an increase in soaking time, indicating a self-inhibition of the absorption 
of impurities. 


2. Heating of titanium alloy VT5-1 in an atmosphere of air at various 
temperatures is accompanied by the formation of an altered layer whose thick- 
ness, microhardness and structure depend on the soaking temperature. 


3. The maximum microhardness of the changed layer is observed in the 
surface and its value is higher the higher the temperature. As the temperature 
is raised, the depth of the layer increases and reaches about 0.3 mm at 1200°. 


4, The visible structure of the changed surface layer and of the transition 
zone differs from the structure of the core, although there is no fundamental 
difference in the structure of all three regions: the structure consists of a 
Single phase--an q@ solid solution. 


5. The solid solution of the surface zone has an equiaxial grain structure, 
while the solid solution of the core has.a basketlike or finely crystalline non- 
equilibrium structure. Such a difference in structure is due to the fact that 
the surface layer highly saturated with oxygen does not undergo any phase trans- 
formations during cooling after annealing; this is not true of the core and 
partly of the transition layer. 


6. The formation of the changed layer (even a thin one) having a great 
hardness and a coarse grain seems to be the cause of the appearance of cracks 
in the material during its machining and perhaps during its service as well. 
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SOME CHARACTERISTICS OF THE HEAT TREATMENT OF ALLOY 
AT4 WITH A LOW CONTENT OF ALLOYING ELEMENTS 


S. A. Yudina and B. K. Vul'f 


In the preceding studies (refs. 1-3), the influence of heat treatment on 
the structure, properties, and thermal stability of alloys AT3, ATL, AT6 
and AT8 of normal composition was elucidated. 


The present investigation is devoted to the similar study of alloy AT4 
containing the smallest amount of aluminum and a low content of alloying 
elements; such an alloy is particularly interesting as a material for the 
production of cold rolled pipes. 


A practical objective of the present is the establishement of the optimum 
conditions of thermal treatment permitting the best combination of mechanical 
properties and, particularly, a sufficient difference in the value of the 
ultimate strength and yield strength. This would facilitate the technological 
process of pipe manufacture and would guarantee a high service reliability of 
parts operating under complex load conditions. 


MECHANICAL CHARACTERTSTICS OF TITANIUM ALLOY AT3 FOLLOWING 


HEAT TREATMENT , 
Oo 
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The alloy was melted in a vacuum arc furnace with a consumable electrode 
by double remelting and was then subjected to forging at temperatures of 1l1OOO- 
1150°. The procedure used in the preparation and the composition of the burden 
materials are indicated in reference ée. 


The experimental alloy AT4 has the following chemical composition: 2.5 per- 
cent Al, 0.9 percent (Cr + Fe + Si + B), 0.013 percent H,, 0.014 percent N,, 
2 2 
and 0.06 percent C. 


The blanks cut out of the rods were studied in the initial state, after 
quenching in air from 750-1250° (at 50° intervals) and also after aging the 
quenched alloys for 100 hr at 300.and 400°. The holding time at quenching 
temperatures of 750-1100° was 1 hr and at 1150-1250°, 15 min. 


The mechanical properties were determined by tensile testing of Gagarin 
specimens to determine On? %[9.0? §6 and ¥ and impact testing of Menager specimens 


with the determination of Bn: The data of the tests are shown in the table and 


in figure l. 


From these data it is apparent that as the quenching temperature is raised, 
oF and. 59.9 decrease somewhat as a whole, but at a quenching temperature of 
~ 900° in the case of aging at quenched alloys at 300° for 100 hr, there is ob- 
served a small relative increase in the values of these characteristics. At 
the other quenching temperatures, aging causes little change in the strength 
characteristics. 


Attention should also be drawn to the fact that as the quenching tempera- 
ture rises, there is an increase in the difference between the values of mn and 


Oy 09 which for forged alloys in the initial state, as to 3- kg/mm, and for 


alloys quenched from 850° and higher, 9-10 ke/mm. 


This is apparently due to the appearance of the B phase at the heating 
temperature, as confirmed by the data of reference } on the heat treatment of 
alloys Ti - Cr and Ti - Cr - Al, in which it is stated that during the ex- 
tension of specimens containing the B phase in the structure there is observed 
an increase in the difference between the ultimate strength and yield strength. 


Aging also affects the relation between o, and o At a quenching tem- 


b 0.20 


perature of 800-850°, the difference between the values of o, and 59 5 is much 


greater in the case of aging at hoo? than at 300°, since at higher quenching 
temperatures this difference, being appreciable in absolute value, is practic- 
ally independent of the aging temperature. 


312 


2 
a, kem/om 
SoH Aas 


initials? 800 850 900 950. 1000 1050 1700 7150 7200 1250 
state 


0, °C 


Figure 1. Influence of quenching temperature on the mechanical 
properties of alloy AT. 


l--quenching with cooling in air; 2-- 
same + aging at 300%, 100 hr; 3--same + aging at hoo, 100 hr. 


The alloys preserve a high ductility up to a quenching temperature of 
~ 8509; a further rise in this temperature leads to a substantial decrease in 
§ and particularly Y¥Y, owing to a rapid growth of the grains and beginning of 


formation of the B phase, which converts into a coarse platelike structure 
of the a@' phase during quenching. 


5 The Lowest values of ¥Y correspond to 
quenching temperatures of 900-950 . 


The highest values of the impact strength of the alloy were observed at 
quenching temperatures of 825-850° (for example, at 825° a, = 9.1 kgm em@). 
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Figure 2. Microstructure of ally AT43, x 300. a-- 
initial state; b--quenching from 800°; c--quenching 
from 850°; d--quenching from 950°; e--quenching from 
1000°. 


It is interesting to note that aging at 300-400° sharply decreases the impact 
strength of forged specimens (in the initial state), but practically does not 
reduce the high values of impact strength characteristic of alloys quenched 
from 800-850°. This result is a clear confirmation of the practical desirabil- 
ity of carrying out the quenching and should be attributed to an increased con- 
tent of hydrogen in the alloy (0.013 percent). 


cee 


It is known (ref. 5) that the solubility of hydrogen in titanium at 325° 
is about 0.2 percent, and is close to zero at room temperature; all of the 
hydrogen is contained in the y phase, which is titanium hydride. In the course 
of slow cooling of titanium or a single-phase @ alloy, this phase precipitates 
along the grain boundaries of the solid solution and decreases the impact 
strength of the alloy. As the alloy is. heated, a complete dissolution of tita- 
nium hydride takes place, and the latter does not precipitate under quenching 
conditions, so that a restoration of the original values of the impact strength 
is observed, particularly in alloys with an increased hydrogen content. 


Figure 4. Fractures of specimens of alloy after various 
heat treatments. a--initial state + aging at 400°; b-- 
quenching from 750° + aging at 00°; c--quenching from 
800°; d--quenching from 850°; c--quenching from 850° + 
aging at 400°; f--quenching from 950° + aging at 400°. 


It should be noted in passing that the influence of hydrogen is manifested 
to different degrees if the aluminum content is different. From reference 6 
and others, it is known that alloys having a low aluminum content (2.5 percent) 
embrittle even at a low hydrogen content (~ 0.008 percent). 


Apparently, an increase in aluminum content raises the solubility of hy- 
drogen in the @ phase or retards the precipitation of the hydride and decreases 
the coefficient of the fusion of hydrogen in titanium. 


However, at a low aluminum content of the alloy, the inclusions of hydride 
are uniformly distributed, and at a high aluminum content, the inclusions pre- 
cipitate primarily along the grain boundaries, as a result of which ¥ decreases 
markedly. 


The influence of heat treatment on the mechanical properties of alloy AT4 
is confirmed by data of metallographic analysis and by the characteristics of 
the breaks of specimens obtained under conditions of dynamic failure. In the 
initial state and after quenching from 750°, the alloy has a coarse platelike 
structure of the a@' phase (fig. 2a) and is characterized by a coarsely crystal- 
line lustrous brittle fracture (fig. 4a and b). After quenching from the 
optimum temperatures, there is formed a finely crystalline structure primarily 
of the Q phase with signs of steroidization (fig. 2b and ec); in this case, 
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Figure }. Influence of temperature and duration of 
aging of the mechanical properties of alloy AT3 
quenched from 850°, l+-after aging at 300°; 2--after 
aging at 00°. 


the fracture becomes ductile, dull, and finely crystalline (fig. 3c, da 
and e). On overheating to 950-1000°, the coarse platelike structure of 
the a! phase reappears (fig. 2d and e) with a coarse-grained brittle 
fracture (fig. 3f). 


Aging at 300 and 00° for 100 hr of specimens quenched at the optimum 
temperature of 850° has practically little effect on the mechanical properties 
of alloy AT4. The change in properties in the course of aging is also slight 
(fig. 4). This indicates a high thermal stability of alloy AT4 in the quenched 
state. 


Summary 


L. Alloy AT43, which has a low content of alloying elements and is char- 
acterized by a high ductility and resistance to dynamic loads, acquires the 
best mechanical properties having quenching in air from 825-850°. 


2. The alloy quenched under these conditions as a high thermal stability 
and has the following mechanical characteristics after aging for 100 hr at 
4OO° : Oo, = 72 ke/mme, Sy 2 = 6 kg/mm’, o = 18 percent, ¥Y = 52 percent, a, = 


8 kem/om. 


4. The considerable difference between Oy and S90? amounting to about 8 


ke/mm , makes it possible to use the heat-treated alloy AT4 with a low content 
of alloying elements for the preparation of parts operating under complex con- 
ditions of stress application, 
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USE OF OPTICAL EMISSION MICROANALYSIS IN 
THE STUDY OF TITANIUM ALLOYS 


N. V. Korolev, S. A. Gorbunov and A. S. Bogdanov 


Improvement of the device for emission microanalysis (refs. 1, 2) has 
opened up new vistas for the solution of many problems. The studies which were 
carried out made it possible to create conditions for the performance of anal-~- 
yses in an atmosphere of inert gases, to improve the localization of the analy- 
ses, and to increase the intensity of the local attenuated microspark. Of par- 
ticular value has been the use of a microspark in argon in analyses of alloys 
for oxygen and nitrogen. 


Optical Diagram of Improved Device 


Let us consider the optical diagram of the modified device (fig. 1). The 
electric spark formed between the surface of the analyzed specimen 1 and the 
tip of the microelectrode 2, successively through the ultraviolet microscope 
objective 3, a tiltable semialuminized mirror 4, a quartz lens 5, and an achro- 
matic set of quartz and lithium fluoride lenses 6, appears in the plane of the 
slit of the quartz spectrograph 7 on a scale of 6:1. 


Figure 1. Optical diagram of apparatus for emission analysis: 
1, sample under analysis; 2, microelectrode; 3, microscope 
objective; 4, semialuminized mirror; 5, quartz lens; 6, achro- 
matic set; 7, slit of spectrograph; 8, illuminating tube; 

9, hinged prism; 10, lateral illuminator; ll, deflecting prism; 
12, eyepiece; 13, chamber; 14, nozzle of chamber; 15, directing 
cap. 
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The analyzed surface of specimen 1 may be illuminated either by light 
coming from above through microobjective 3 or by lateral light from illuminator 
10. In the former case, a hinged prism 9 which directs the light from the 
illuminating tube 8 into the system of the microscope is introduced in order to 
provide illumination between the set of lenses 6 and the slit of the spectro- 
graph, 


The surfaces of specimen 1 and of the tip of microelectrode 2, illuminated 
by light coming from the side or from above and reprojected by objective 3, are 
observed in eyepiece 12 by means of light which has partly passed through the 
tilted semialuminized mirror 4 and prism 11. 


A reticle in the eyepiece of the microscope makes it possible to place the 
structure under analysis and the tip of the microelectrode in the required 
position relative to the optical axis of the instrument. 


Cu 
S 
b > IS 3 
en 
(nn nso. 
Figure 2. Construction of Figure 3. Attachment 
microelectrode: a, side with directing groove. 


view; b, top view. 


Chamber 13 for carrying out the analyses in an atmosphere of inert gases 
is screwed onto the housing of objective 3. A directing nozzle 14 is provided 
in the bottom part of the chamber. The inert gas is introduced into the cham- 
ber by means of rubber tubing through a lateral connecting tube and is directed 
through the nozzle into the burning zone of the microspark and onto the surface 
being analyzed. The diameter of the gas jet coming out of the nozzle is 3 mm. 
The distance from the tip of the nozzle to the surface of the specimen is 4 mm. 


In analyses for nitrogen and oxygen, one must make sure that no air is 
Sucked into the jet of inert gas. To this end, a directing cap 15 whose lower 
tip rests on the surface of analyzed sample 1 may be mounted on the nozzle. 
The microelectrode is inserted inside the cap by means of a micromanipulator 
through a square (2 x 2mm) lateral aperture in the cap. The inert gas comes 
out of the chamber through this aperture and through the gap between the lower 
tip of the cap and the specimen. 


The construction of the microelectrodes used to carry out the microanaly- 
ses is shown in fig. e2. 


The microanalysis involves the use of a directing groove in a quartz plate 
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for the localization of spark discharges on the surface of the specimen. The 
construction of this attachment is shown in fig. 3. 


The attachment, held in the electrode holder by the round end of the elec- 
trode, is placed on the surface of the specimen by means of the micromanipula- 
tor mechanism in such a way that the portion under analysis and under observa- 
tion in the microscope is located at the apex of the directing groove. 


By carrying out the analyses in an attenuated microspark by means of a 
directing groove, one can confine the electric discharges to an area up to 
0.05 mm in diameter with a 10 » minimum depth of the damaged layer. 


Microspark Generator 


The electric circuit of the microspark generator now in use (fig. 4) makes 
it possible to obtain a hard and an attenuated microspark. The regime of the 
hard microspark is characterized by a higher concentration sensitivity and 
gives spectra of elements which are difficult to excite; the regime of the 
attenuated microspark is used when it is necessary to have a highly localized 
analysis. 


When switch 5, is in position I, the current pulses which are stored by 


capacitor C, before the arcing of the auxiliary gap AG, pass completely through 


p 
the analytical gap AnG after the arcing of AG. If the capacity of the weight- 
ing capacitor is high (C., > 0.01 uF), the spectra of ions of almost all ele- 
ments are readily excited in such a microspark (hard regime of microspark). 

If the switch So is in position Il, the current pulses cross the analyti- 
cal gap under the influence of an induced emf arising at the ends of the sec- 


ondary winding of the air-core transformer L, when the current pulses pass 


through the primary winding Ly of this transformer. 
The magnitude of the current pulses crossing the analytical gap AnG de- 
pends on the capacitance of the conductors bringing the current from coil Lo 


to this gap, and not on the arcing voltage of the analytical gaps. When the 
supplementary gap SG is absent, the pulses of the current crossing the analy- 
tical gap AnG are small, since the capacitance of the conductors and the arcing 
voltage are small. As a result, the brightness of the spark is weak. The 
introduction of a supplementary gap 5G raises the total arcing voltage of gaps 
9G and AnG, increasing the current pulses, as a result of which the brightness 
of the microspark increases (regime of attenuated microspark). 


The additional gap used is a xenon pulse. tube ISSh-100/1. 
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Use of Emission Microanalysis 


Microspectral analysis can find various applications in the study of titan- 
ium alloys because of its advantages over ordinary spectral analysis. One of 
the main advantages of the microspectral analysis is the small quantity of sub- 


stance required for the analysis (107-107 g), which permits an investigation 
without damage to the analyzed items. After the analysis, only minor finishing 
of the surface is necessary. Many years of experience with this device leads 
us to believe that the construction of a portable microspectral apparatus for 
checking large-sized items is possible. 


The analysis may be performed at a strictly defined site of the part, where 
changes in the composition of the alloy can be expected. This advantage is 
irreplaceable when it is necessary to account for the causes of various surface 
defects. 


Finally, this method of analysis permits the determination of elements 
which are difficult to excite and are present in the alloys. 


The existing methods of checking for gaseous impurities in titanium (spec- 
tral methods, vacuum fusion, etc.), require the destruction of the parts, so 
that these methods cannot be used to perform layer analyses for oxygen, nitro- 
gen and carbon, whereas the improved design of the microspectral unit opens up 
broad perspectives in this direction. 


A series of examples given below indicates various means and methods of 
microspectral analysis drawn from the experience of studying titanium alloys. 


Microspectral Analysis of Gaseous Impurities 


In the process of oxidation of technically pure titanium VTl1, the impurity 
elements are redistributed between the oxides and the metal layer located under 
this crust of oxides. 


The purpose of the investigation was to determine the chemical composition 
of the metal (primarily gaseous impurities) on the surface of specimens of 
alloy VIl heated in air at various temperatures and for various periods of time. 


The study of the chemical composition of the surface layers of the metal 
yielded the following results.t 


At oxidation temperatures of 1100 and 1200°, carbon, silicon and nitrogen, 
present in the composition of the metal as impurities, concentrate in the sur- 
face layer of the metal to a depth of 10-15 yu. This layer is extremely stable 
chemically and has a great hardness close to that of titanium carbides and 


Imis is discusséd in more detail in an article by N. V. Korolev (see this 
collection, p. 146). 
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Figure 4. Electric circuit of microspark generator: HR, 
high-voltage rectifier; R,, charging resistor; Sy> capaci- 


tant switch; Ci working capacitors; AG, auxiliary gap; 
So» switch for microspark regimes; L, and Lo, primary and 


secondary winding of air core transformer; L » air core 


1,2 
transformer; SG, supplementary gap; AG, analytical gap; 
935 on-off switch of supplementary gap. 


nitrides. The concentration of carbon and nitrogen on the surface of the metal 
after the oxidation in air of samples of alloy VTl at various. temperatures and 
testing times can be evaluated from the results of the analysis shown in the 
table below: 


CONTENT OF NITROGEN AND CARBON IN SURFACE LAYERS OF SPECI- 
MENS OF TITANIUM ALLOY VT1 (IN PERCENT), 


Duration of 
testing, 
Hr 


Testing 
temperature, 


1200 0.0 0.0 0.04 
1200 O.1 0.5 0.02 
1200 0.2 0.7 0.04 
1200 0.5 3.6 0.12 
1200 1 3.3 0.65 
1200 4 1.7 1.16 
1100 4 3.5 -- 
1100 8 1.7 0.3 
1100 16 3.5 0.35 
1.000 8 0.0 0.04 
1000 16 0.0 0.06 
900 8 0.0 0.05 
0.0 0.06 
0.0 0.1 
0.0 O.14 


Note: Sensitivity of determination: 0.3 percent for nitrogen, 
003 percent for carbon. 


The oxygen content in the surface layers of the titanium samples was 0.1 
percent and higher. 
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Layer Microspectral Analysis Involving Transfer 
of the Analyzed Substance Onto Copper Plates 


The nature of the distribution of alloying elements in the oxide layer was 
studied on the binary alloy Ti + 10 percent Sn. 


The technique of the analysis of the oxides consists in the following: a 
small amount of powder of the oxides from the layer located at a certain depth 
is removed by means of a corundum or silicon carbide scraper and placed on a 
copper plate (fig. 5). 


The oxide powder is then rubbed -into the surface layer of the plate by 
means of the same scraper, or is spread over this surface. The surface layer 
of the plate with the powder rubbed into it is then treated with pulsed dis- 
charges of a hard microspark in the unit for emission microspectral analysis. 
The spectra obtained in the spark are photographed. The photographic film con- 
taining the spectra is subjected to photometric treatment by using the tech- 
nique described in ref. 2. A result of the photometric treatment of the film 
is the determination of the ratio of the weight concentration of the alloying 
element to the concentration of titanium for oxide layers located at different 
depths. 


Figure 5. Diagram of the transfer of oxide onto metal back- 
ing: 1, copper plate; 2, specimen with oxide crust; 3, oxide 
crust; 4, scraper made of A1,0. and SiC; 5, oxide powder. 


Let us examine the nature of the change in the ratio of the concentration 
of tin Co, to the concentration of titanium Cn; in the layer of oxides formed 
on the surface of the alloy with 10 percent Sn during oxidation of a specimen 


in air for 8 hr at 1100°: 


Outer oxide layer from the surface 0.018 
Inner surface of outer layer 0.036 
Outer surface of monoxide 0.029 
Inner surface of monoxide 0.105 
Top layer from the metal surface 0.33 
Average composition of alloy O.11 


The analysis shows a very high concentration of tin in the layer adjacent 
to the metal. 
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Emission Microspectral Analysis of Surface Layers 


This method is indispensable in explaining the causes of the vartous de- 
fects associated with a change in the composition of the alloy at the location 
of the defects. 


A microanalysis of relatively small (3 x 3 mm) areas of the investigated 
specimens makes it possible to determine the composition of layers up to 0.1 u 
thick. We shall illustrate the applicability of this method by two examples: 


a. The rolling of thick sheets of alloy AT5 is sometimes accompanied by 
cleavage of the sheet. Bright, brittle precipitates can be observed on the 
surface of the cleavage. When the specimen is struck with a hammer, lustrous 
metal granules come off the cleavage surface. The microstructural method was 
used to analyze these granules in argon. It was found that the oxygen content 
of the granules was approximately 2.5 percent. The aluminum content of the 
granules was only 1 percent. The analyses confirm the hypothesis that part of 
the titanium sponge had been contaminated with oxygen. Such sponge has a 
higher melting point than pure sponge, and for this reason it apparently re- 
mained solid during the melting of alloy AT5. This is indicated by a lower 
aluminum content in the brittle granules of the cleavage surface as compared 
to the original content. 


b. The effect of oxygen impurities on the strength characteristics of 
alloy VIL5 was studied. According to the microscopic analysis, specimens con- 
taining 0.1 percent 0, after being kept for 1 hour at 850° have only the 


structure of 6-Ti. In specimens containing 0.4 percent 05, & small amount of 


the @ phase is present after the same heat treatment. In order to convert it 


into B-Ti, it is necessary to anneal these specimens for 4 hours at 950°. After 
this heat treatment, the specimens with 0.) percent 05 are characterized by a 


low impact strength. The impact strength of specimens with 0.4 percent 05 
heated for 3% hours at 950° is 0.7 kem/ cm“. opecimens with O.1 percent Oo 
heated for 1 hour at 850° have an impact strength of 8 kem/ em. 


The chemical composition (in percent) of fracture surfaces of specimens 
with 0.1 and 0.) percent 0,5 and of the same surfaces after etching was deter- 


mined by the microspectral method; this made it possible to evaluate the ini- 
tial alloy composition: 


Fracture of specimen with O.1 percent 05 after 
heating for 1 hour at 850°: 


Mo Cr Or; 
Before etching 7.5 9.9 2.00 0.5 
After etching 8.2 9.8 2.06 _— 
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Fracture of specimen with 0.4 percent Op 
after heating for 3 hours at 950° 


Mo Cr Al O5 
Before etching 5.6 8.8 2.1 1.5 
After etching 8.1 9.5 2.1 -- 


The fracture of the specimen with 0.4 percent On takes place in areas en- 
riched with oxygen and impoverished in molybdenum and chromium. 


It was shown by means of an electron microscope that @-Ti interlayers are 
present in this case along the boundaries of the B grains in the alloy with 
O.4 percent On. 


Microspectral Analysis with Localization of 
Charges by Means of a Directing Groove 


This method of analysis was used to determine the nature of the distribu- 
tion of alloying elements in grains of the cast alloy Ti + 5 percent Al +2 
percent V. The analysis showed that the grain boundaries of transformed #-Ti 
are rich in aluminum and vanadium. The analysis was carried out on grains 
approximately 0.5 mm= in size. At the grain boundaries, even in the zone of a 
local spot 50 p in diameter, the presence of 6 percent Al was established in- 
stead of the average concentration of 5 percent. On the grain boundary itself, 
the aluminum content will probably be still higher. 


The enrichment of the boundaries with vanadium is minor. At an average 
concentration of 2 percent V, its content in the boundary zone is 2.2 percent. 
The enrichment of the grain boundaries with aluminum seems to be an important 
factor which accounts for the fact that when the heated alloy is cooled, the 
transformation of B-Ti into a-Ti begins at the grain boundaries. Occasionally, 
when the grains of transformed B-Ti are very large, boundary lamellae of Q-Ti 
oriented along the boundaries of B grains can be observed on the surface of the 
microsections. As the alloy is cooled, these lamellae are apparently the first 
to form from B-Ti, and this is followed by the growth of interlayers of the a 
phase within the grain. 


Microspectral Analysis in Combination with 
Selected Etching of Microstructure 


In solving certain metallurgical problems, it becomes necessary to deter- 
mine the content of elements in the individual structural components. To this 
end, a reagent is chosen which etches one structural component to a lesser ex- 
tent than another. As a result of selective etching, the weakly etched struc- 
ture rises above the surface of the microsection. After the etching, a micro- 
spectral analysis of the protuberances is performed. The presence of ridges 
can be determined by refocusing the microscope when various phases are observed, 
and also when a microinterferometer is used (ref.°3). In addition, the solu- 
tion of the etchant can be analyzed after the selective etching. To this end, 
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a drop of the solution is placed on the specimen and, after a suitable exposure, 
is transferred with a pipette onto a copper plate. The etchant on the copper 
plate is dried over a burner. The salt deposit which precipitates on the cop- 
per plate is treated by discharges with a hard microspark. Such analysis re- 


quires a very small amount of the elements (1077-1078 g). The use of such 
methods gives interesting results. Thus, for example, microspectral analysis 

of the low alloys Ti + 5 percent Al + 0.8 percent Mo, Ti + 5 percent Al + 0.8 
percent Fe, Ti + 5 percent Al + 2 percent V confirmed the presence of the so- 
called 6 brittleness of these alloys. During slow cooling from the region of 
B-Ti into the region of @-Ti, a drop in impact strength and a decrease in trans- 
verse contraction are observed in these alloys. Microscopic and microinter- 
ferometric analyses of the surfaces of sections etched with hydrofluoric acid 
showed that thin interlayers projecting above the surface of the section remain 
between the lamellae of Q-Ti. 


Comparative spectral analysis of thin surface layers of sections which 
were and were not etched with hydrofluoric acid showed that after the etching, 
the surface layer is enriched with B stabilizers -- iron or molybdenum. This 
analysis shows that the ridges projecting above the surface after etching with 
hydrofluoric acid may be the remainders of a B phase enriched with molybdenum 
and iron during cooling. Photometric treatment of the spectrograms obtained 
from the polished surfaces of titanium alloys before and after etching with 
hydrofluoric acid gave the following results: 


Change in the content of 


Object of analysis alloying: elements 
Ti+-5¢% Al+0.8% Mo Al 0.8; Mo 6.0 
Ti+5% Al4+-0.8% Fe Al 0.76; Fe 2:4 
Ti+5% Al+ 20 y Al 0.70; V 0.90 


Here the concentration of elements in the surface layer before etching is 
taken as unity. 


For the quantitative analysis of the interlamellar layers, the specimens 
with B brittleness were etched with hydrofluoric acid and washed with distilled 
water. A thin copper plate was then applied on the etched surface by hammering. 
The projecting interlamellar layers thus become partly wedged in the surface 
layer and remain in the plate. Microspectral analysis of the particles stuck 
to the surface layer of the copper plate showed that in the layer with 0.8 per- 
cent Mo they contain 14 percent Mo; in the alloy with 0.8 percent Fe, about 4 
percent Fe is present in the interlayers. 


Metallographic Study of Titanium Alloys 


A thorough metallographic analysis of microsections in both ordinary and 
polarized light should precede a microspectral analysis, since it reveals the 
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structure of the alloy and permits a qualitative determination of the degree of 
inhomogeneity present. In addition to ordinary and selective etching, a simple 
and reliable method of developing the microstructure of titanium alloys is the 
etching of titanium and its alloys by oxidation in air at 300-500°. Such oxida- 
tion may be accomplished by heating on an ordinary electric hot plate until 
first-order temper colors appear. The thickness of the oxide film TiO, formed 


on the structural component of the specimen under certain conditions of oxida- 
tion is related to the crystal lattice of the structure, its chemical composi- 
tion, and the orientation of the crystallographic axes of the grain relative 
to the polished surface of the section. 


Most useful in the development of the alloy structure is the formation of 


Ti0, films whose thickness varies between 300 and 750 A on the surface of the 


section. It may be tentatively estimated that a film 260-460 A thick is. yellow, 


a film 480-530 A thick is purple, and a film 600-750 A thick is blue and dark 
blue. 


It was noted that after heating to 500° and exposure to this temperature 
for several minutes, the thickest film was formed on Q@-Ti on the polished sur- 
face of a two-phase a + 6 alloy. “In the oxidation of single-phase titanium, 
the thickness of the oxide layer formed depends on the oxygen concentration: 
the more oxygen has dissolved in a@-Ti, the thicker is the TiO, film formed. 


For example, if a-Ti is oxidized to a yellow color without oxygen, then in the 
presence of oxygen Q-Ti under the same conditions oxidizes to a purple and even 
dark-blue color. 


The structures of titanium alloys may be very fine. The interlayers be- 
tween lamellae of Q-Ti and the interlayers along the grain boundaries are fine. 
For this reason, the oxidized surface of the specimen under a metallographic 
microscope should be examined with the strongest objectives. Immersion apo- 
chromatic objectives 90 x 1.30 and acromats 90 x 1.25 are attached to metallo- 
graphic microscopes for this purpose. When an achromatic objective 90 x 1.25 
is employed, it is desirable to use polarized light, which makes it possible 
to obtain more saturated interference colors of the structures. 


Before carrying out a microanalysis of the surfaces of fractures, splits, 
and cleavages, it is desirable to carry out the oxidation and to observe them 
through the microscope at various magnifications, including the highest ones, 
in polarized light. Unfortunately, this cannot always be done, since immersion 
objectives have a very small working distance. 
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DEFECT INCLUSIONS IN TITANIUM INGOTS 


E. S. Fal'kevich, Ye. A. Lyukevich 
and A. N. Kucherenko 


At the present time, much attention is concentrated on the study of the 
nature of defect inclusions in titanium ingots and semifinished products and 
on the causes of the formation of these inclusions. 


Defect inclusions in ingots in forged or rolled semifinished products differ 
from the base metal by a very appreciable hardness and brittleness which often 
cause breaks in the continuity of the metal. 


The nature of these inclusions and the cause of their appearance remain 
largely unclear. 


The existing magnesiothermic method of production of titanium sponge does 
not permit the preparation of a sufficiently homogeneous sponge mass. Inves- 
tigations have shown that films at the points of contact of the sponge mass 
with the material of the apparatus ("lining film") and portions located in 
the bottom part of the lump ("dark gray sponge") differ most strongly in chen- 
ical composition from the bulk of the sponge. 


Furthermore, when the continuity of the apparatus is impaired, and also 
because of several other factors, a partial oxidation of the sponge in the 
course of its preparation is possible. Such sponge often has a straw-yellow 
color and less frequently a bluish-violet color. In the total mass of tita- 
nium sponge, the oxidized sponge of yellow and bluish-violet color is found 
in extremely low amounts (in the form of discrete fragments whose total weight 
is less than 0.4 percent of the whole batch). 


When the lump is knocked out of the reactor, the sponge sometimes ignites. 
The burned sponge acquires a grayish-white color (certain fragments may have a 
reddish-brown and yellowish-red color). Such sponge is included in the waste, 
and its presence even in the form of individual fragments in the batch is 
eliminated, since it does not even reach the crushing system. The chemical 
composition of the above-described forms of the sponge of the 2-5 mm fraction 
is shown in the table. The content of all the elements (except oxygen) was 
determined directly in the sponge. A control ingot could not be melted out of 
each type of sponge because of difficulties in pressing and subsequent melt- 
ing. 


For this reason, the oxygen content was determined indirectly. To this 


end, 0.5, 1, 2, 3 and 5 percent of sponge of each type was added to the high- 
grade sponge of known composition. Ingots were melted from such charges. 
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CHEMICAL COMPOSITION OF SOME TYPES OF SPONGES (wt PERCENT). 


] | 
Type of Fe | cr | Ni | cl | c si | N, | AH 1% OF 
sponge addition 
Oxidized, yellow! 0.05 0.06 |0.013| 0.04 3,06 
Oxidized, bluish 
violet 0.03 0.10 |0.40 | 0.04 9 
Oxidized, ° 
grayish-white | 0.04 0.026 | 0,010] 0.04 50.0 
Dark-gray 0.34 O.L |0.018]) 0.10 3.8 


7,23 | 


Lining film —/| —/| —/ 

/0. o |/4. 99 /0,09 |/0.035]/0.40 }/0,027]/0. 03 

Note: Numerator, for units made of steel 1Kh18NOT; 
denominator, for units made of steel 3. 


From the oxygen content of the ingots, its content in the corresponding 
type of sponge was calculated. 


X-ray structural analysis of all the types of sponge (with the exception 
of oxidized sponge of grayish-white color) of the 2-5 mm fraction showed the 
presence of mainly one phase, titanium! The oxidized grayish-white sponge 
consists of a mixture of two phases: rutile, titanium nitride, and titanium. 


The Lattice constant of titanium nitride for samples of burned sponge 
containing various quantities of yellowish-red or reddish-brown fragments 
varies between 4.212 and 4.221 A. 


As we know, titanium nitride has a cubic lattice of NaCl type with 

a lattice constant of 4.213-4.235 A depending upon. the composition of the 
nitride (refs. 1, 2). It is apparent that the lattice constant found for the 
burned sponge corresponds to titanium nitride. Nevertheless, it will be more 
correct to assume that the burned sponge does not contain pure titanium 
nitride but an oxynitride (solid solution of TiO in TiN), whose composition 
is close to the nitride. TiO and TiN form a continuous series of solid solu- 
tions. An increase in the oxygen content of titanium nitride will cause a 
decrease in the lattice constant, since the lattice constant of TiO varies 

with the composition between 4.184 and 4.153 A (ref. 1). 


At the first stage, under laboratory conditions, it appeared of interest 
to elucidate the influence of the above-described types of sponge (see table) 


luere and subsequently a "titanium" phase will designate a solid solution of in- 
purities, primarily gases, in titanium. 
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on the formation of inclusions in the ingots,. and‘ also to study on laboratory 
ingots the inclusions which appear upon the introduction of pieces of hard 
alloys into the charge. 


In addition, it is very important to find relatively simple and widely 
applicable methods which can be used to identify the nature of the inclusion 
in each specific case when a small amount of sample is. used.t 


Method of Investigation 


The investigations were carried out on ingots of technical titanium 130 
mn in diameter melted in a Laboratory vacuum are furnace. 


In the melting of the alloys, use was made of consumable electrodes 80 mm 
in diameter. The electrodes were prepared by pressing into a piercing die with 
a 100 ton hydraulic press. The current intensity during the melting was 1.8- 
2.4 ka. The weight of the ingot was 7 kg. The residual pressure before melt- 
ing was 2-10 mm Hg. The ingot was melted from a sponge with a hardness HB = 
114-L20. 


Sponge of various types of a 2-16 mm fraction (see table) was introduced 
into the electrode in two ways: 


(a) During the pressing; 


(b) Into apertures drilled at four points (along the height) of the con- 
sumable electrode. 


In the latter case, the sponge was placed next to the central axis of 
the electrode. 5-10 pieces were placed in each aperture. JIn all, 50 ingots 
were prepared which contained various types of sponge: 10 ingots with the 
addition of oxidized sponge of yellow, bluish-violet and dark-gray color, 5 
ingots containing lining film, and 15 ingots containing oxidized grayish-white 
sponge. In approximately one-half of the ingots the additions were introduced 
during pressing, and in the other half, into the apertures. 


In addition, eight ingots were prepared by adding 4-1lO fragments of hard 
alloys VK8 and T15K6 measuring 2-12 mm into each aperture drilled in the con- 
sumable electrode. 


After roughing and face grinding, the ingots were etched in a mixture of 
solutions of nitric and hydrofluoric acid. After the etching, the macrostruc- 
ture of the faces was studied, and the hardness was measured. The hardness 
was measured at 25 points on each face surface using a TSh-2 hardness tester 
at a load of 4000 kg and a ball 10 mm in diameter. 


Itt is obvious that in most cases the microchemical and microstructural analyses 
are amply sufficient to determine the nature of the inclusion. However, these 
methods are quite complex and cumbersome and have been adopted by only a few 
enterprises. 
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After the hardness was measured, a layer 5 mm thick was removed by face 
grinding. The surface was then etched again, and the hardness was measured. 
In all, 16-20 sections were examined for each ingot. 


In addition, the microhardness of the region of metal adjacent to an 
inclusion was measured at a load of 200 g with a PMI-3 instrument. 


The inclusions observed in the ingots were analyzed by x-ray diffraction. 
The characteristic radiation from a copper anode was used in the recording of 
x-ray patterns. A nickel filter was used in a VRS-4 camera to absorb K,-Cu. 


B 
Results 


The introduction into the charge of sponge of the type indicated in the 
table causes a change in the hardness of the ingot (fig. 1). The hardness 
changes most substantially when oxidized sponge of grayish-white color is 
introduced. The introduction into the charge, even in significant quantities 
(up to 5 percent), of oxidized sponge of yellow color and of dark gray 
sponge causes an insignificant increase in the hardness of the alloy. 


AE, » kg /mm= 


G1 G2 03 O4 O5 06 O7 48 O39 10 Ut 
distance from inclusion, mm 


Figure Ll. Change in the hardness of an ingot made of technical 
titanium upon introduction of various types of sponge. 1--oxi- 
dized yellow sponge; ¢e--oxidized bluish-violet sponge; 3--oxi- 
dized grayish-white sponge; 4--dark-gray sponge; 5-~-lining film. 


Inclusions were not observed in any of the ingots containing dark-gray 
sponge, Lining film, and oxidized sponge of yellow and bluish-violet color. 
No appreciable change in macrostructure and hardness was observed along the 
cross sections of the ingots (fig. 1). 


Of the 15 ingots melted with the addition of oxidized sponge of grayish- 
white color, inclusions were observed in only one ingot (fig. 2a). This ingot 
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Figure 2. Photomicrographs of inclusions in 
laboratory ingots, formed upon introduction 

into the charge of burned sponge of grayish- 
white color (a), pieces of alloy T15K6 (b), 

pieces of alloy VK8 (c). 


was melted by adding the sponge through the apertures. Five inclusions were 
observed at various locations along the height of the ingot. The inclusions 
were situated close to the lateral surface of the ingot. The phase composition 
of the inclusion was titanium oxynitride and titanium. The lattice constant 

of titanium oxynitride was found to be 4.201 A. A certain decrease in the 
lattice constant as compared to its value in the initial phase in the grayish- 
white burned sponge is apparently due to an increase in the oxygen content of 
the oxynitride during the melting. 


Thus, the grayish-white rutile present in the oxidized grayish-white 
sponge dissolved during melting, and an inclusion formed because of the pres- 
ence of titanium nitride (more exactly oxynitride, close to the nitride in 
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composition) in the phase composition of the sponge. Titanium nitride has a 
higher melting point (~ 2950°) than rutile (1855°). This apparently explains 
the different solubilities of these compounds. | 


The microhardness of the base metal increases sharply as the inclusion 
is approached (fig. 3). 


500 


J 


GI G2 GI04 O5 6 G7 08 a9 1a 
distance from inclusion, mm 


Figure 4. Change in the microhardness of regions 
of base metal adjacent to inclusions. l1--burned 
grayish-white sponge; 2--pieces of alloy T15K6; 3-- 
pieces of alloy VK8. 


A check with an ultrasonic flaw detector revealed an inclusion along the 
axial line of the ingot at a distance approximately one-third of the height 
from the lower end in one of the large industrial titanium ingots. 


An x-ray structural analysis of the inclusion Showed the presence of 
titanium oxynitride with a lattice constant of 4.203 A and titanium. The 
nature of the change in microhardness in the region adjacent to the inclus- 
ion is shown in figure 34. 


The following remark may be made with regard to the location of a defect 
inclusion in an industrial ingot. Titanium nitride has a density of the order 
of 5.44 g/cm), calecuated from x-ray structural data (refs. 1, 2). As a re- 
sult, when a piece of sponge, shaving or chip whose composition includes tita- 
nium nitride falls from the consumable electrode into the liquid bath, it will 
go down to the bottom of the bath. 


When pieces of hard alloys were inserted into the consumable electrode, 
inclusions were observed in all the ingots. It is important to note that de- 
spite the insertion of 4-5 large fragments (10-12 mm in size) into each elec- 
trode, inclusions of this size were observed in only one ingot (in the lower 
part). In the remaining cases, instead of a large inclusion, a series of fine 
ones was found. Apparently, thermal stresses cause the hard alloys to be 
broken up into smaller particles in the course of the melting. 
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The inclusions were chiefly observed in the Lower half of the ingot, close 
to the lateral surface. 


The phase composition of the inclusions upon the introduction of the solid 
alloy T15K6 was titanium and titanium carbide with a lattice constant of 4.235 
A. In the initial state, the pieces of alloy T15K6 used had the phase composi- 
tion of titanium carbide and tungsten carbide. 


When pieces of alloy VK8 are inserted, inclusions are formed which con- 
sist mainly of a mixture of titanium and tungsten carbide phases (in the initial 
state, alloy VK8 has tungsten carbide as its main phase). 


The microhardness of the portions of the base metal adjacent to the car- 
bide inclusions also changes (fig. 3). However, the extent of the increase in 
microhardness and the size of the region having an increased hardness are con- 
siderably smaller than in the case of oxidized sponge... 


A thermodynamic calculation shows that in the temperature range of 1'/00- 
22009, the reaction 


WC + Ti- Tic + W 
should proceed at a high rate. 


Consequently, the phase composition of the inclusions formed when frag- 
ments of the hard alloys VK8 and T15K6 drop into the charge should be close 
to the composition of titanium carbide. It should be noted that an analysis 
which we carried out on two inclusions found in industrial alloys showed the 
presence of titanium carbide with a lattice constant of 4.29 A and the pres- 
ence of a "titanium" phase. 


As can be seen from the above results, depending upon the cause of the 
appearance of inclusions in the ingots, their phase composition and the micro- 
hardness of the regions adjacent to them are completely different from one 
another. 


Summary 


1. Oxidized sponge titanium of yellow and bluish-violet color, dark- 
gray sponge and lining film do not cause the formation of defect inclusions 
in laboratory ingots of technical titanium. 


O. In some cases, oxidized sponge of grayish-white color having the 
phase composition of rutile and titanium nitride (more exactly oxynitride with 
a composition close to nitride ) may cause the appearance of defect inclusions 
in the ingots. Titanium nitride seems to be responsible for the appearance of 
inclusions in this case. 


4. The introduction of fragments of hard alloys measuring 2-12 mm into 


the consumable electrode caused the appearance of inclusions in the ingots in 
all cases. 
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4, X-ray structural phase analysis and measurement of microhardness in 
the region adjacent to the inclusion may be used as simple methods for deter- 
mining the nature of the inclusions. 
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METASTABLE PHASES OF TITANIUM ALLOYS AND 
CONDITIONS OF THEIR FORMATION 


S. G. Fedotov 


Introduction 


The physical and mechanical properties of alloys are known to be strongly 
dependent on their structure. By using methods of thermal and mechanical 
treatment together or separately, one can change considerably the crystal and 
phase structure of alloys, thus causing not only a change in properties, but 
frequently giving rise to completely new ones. 


Despite the practical development of certain modes and techniques of 
thermal and thermomechanical treatment of alloys, many problems still remain 
unsolved as regards the physical picture of the processes of hardening and 
change in properties, and the mechanism of phase transformation and its 
kinetics. 


For titanium alloys, which are relatively new structural materials, the 
basic tenets of the theory of thermal and thermomechanical treatment have not 
been formulated, and the practical conditions of such treatment have been 
determined to a lesser extent than for steels. 


For this reason, the study of the mechanism and conditions of formation 
of metastable phases characteristic of titanium alloys and the accumulation of 
new experimental data in this direction are very important. 


Brief Characterization of Metastable Phases 


As we know, several metastable phases are formed in alloys of titanium 
with many transition elements (vanadium, niobium, tantalum, chromium, molyb- 
denum, tungsten, manganese, iron and other important alloying elements) on 
quenching from the B region. According to the classification of Yu. A. 
Bagaryatskiy et al. (ref. 1), such phases may be the @', a", w and the 8 meta- 
stable phase. 


Soviet scientists have made a substantial contribution to the determina- 
tion of the nature of the metastable phases and to the establishment of the 
characteristic features of their formation (refs. 1-6). According to the 
studies of the authors of ref. 1, a brief characterization of metastable phases 
amounts to the following: 
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The @' phase is a supersaturated solid solution based on the hexagonal 
crystal lattice of a@-Ti. The formation of the Q@' phase substantially increases 
the hardness of the alloys. 


The @" phase differs from the a@' phase by a decrease in symmetry from 
hexagonal to rhombic as a result of considerable supersaturation of the Q@ solid 
solution with the alloying element. This phase is formed in alloys of titanium 
With transition elements whose atomic radii are close to the atomic radius of 
titanium (V, Nb, Ta, W, Mo, Re). The hardness of alloys with the a" phase is 
considerably lower than that of alloys with the @' phase. 


The w phase, detected only by x-ray diffraction, has a hexagonal crystal 
structure. Like the @' phase, it forms in all alloys of titanium with transi- 
tion metals, but only at a definite "critical" concentration of the alloying 
element. 


The metastable @', a@" and w phases are martensitic in their mechanism of 
formation. This means that according to the concepts given in refs. 3, 7, 8, 
the martensite transformation takes place without a change in the concentration 
of the solid solution, i.e., without diffusion, as a polymorphic transformation 
in a single-component system. 


The microstructure of the @' and @" phase has an acicular texture charac- 
teristic of all martensitic phases. The w phase does not have an acicular 
texture and for this reason is referred to (refs. 1-3) as a martensitic phase 
of a special kind. 


The fixation of the metastable B solid solution should be associated with 
a low hardness, high ductility indices, a low yield strength and a large dif- 
ference in the values of the yield strength and ultimate strength as compared 
to the analogous characteristics of the other metastable phases (refs. 9, 10). 


Characteristic Features of the w Phase 


The w phase occupies a special place among the indicated metastable phases. 
It causes the most substantial change in the physical and mechanical properties 
of the alloys, and its formation is characterized by a series of special fea- 
tures. We shall therefore dwell at some length on their discussion and analy- 
sis. 


The first reports of the w phase were made in 1954 by Frost et al. (ref. 
11), who observed it in binary alloys of titanium with chromium and manganese. 
Tater, the w phase was found in many other titanium alloys as well. 


The formation of the w phase causes the embrittlement of alloys; their 
hardness and strength increase greatly, and their elastic constants rise mark- 
edly (refs. 12, 13). 


The w phase also forms during the tempering of more highly alloyed meta- 
stable B solid solutions. 


341 


It was found that the w phase is formed in zirconium- (refs. 14, 15, 6) 
and hafnium-base alloys (ref. 16). A state analogous to the w phase with a 
similar change in properties was observed in hardened alloys of uranium with 
zirconium, niobium and other elements (ref. 17). 


For this reason, a great number of investigations have been devoted to the 
nature of the w phase and to the establishment of the conditions and mechanism 
of its formation, since the solution of this problem is of great scientific and 
practical importance reaching beyond the scope of the problem of titanium 
alloys. 


As indicated above, the w phase is observed only by x-ray diffraction. It 
does not show up under the microscope. ‘There are no reliable data on its 
detection by the electron microscope. "It must be admitted" - writes Yu. A. 
Bagaryatskiy et al. (ref. 1) - "that neither the shape nor the size of the 
formations of the w phase within the B phase have as yet been reliably estab- 
lished.” 


There is no consensus of opinion concerning the crystal structure of the w 
phase among researchers. 


The authors of some studies (refs. 18, 19), asserting that the crystal 
structure of the w phase is described in hexagonal axes, stress the similarity 
of this lattice to the cubic lattice. Other investigators (refs. 20, 21) 
ascribe a pseudocubic crystal structure with a tripled Lattice constant to 
the w phase. 


Other evaluations of the structure of the crystal lattice of the w phase 
have been published (ref. 22). 


Later, Yu. A. Bagaryatskiy (ref. 243) made a critical review of the litera- 
ture data and confirmed the results of his investigations, which agreed with 
the data of Silcock (ref. 24) to the effect that the w phase has a hexagonal 
erystal lattice. 


Nature of the w Phase 


Yu. A. Bagaryatskiy et al. (ref. 2) considered the w phase to be a meta- 
stable Low-temperature modification of the Bp solid solution; this modification 
is an electron-type compound. The basis for this interpretation was the fact 
that the w phase is formed during the hardening of alloys of only a certain 
definite composition which they termed "critical" and which corresponds approx- 
imately to a constant electron concentration per atom or a constant difference 
between the number of vacancies in the d-orbital and the number of s electrons. 
V. N. Gridnev and V. I. Trefilov (ref. 6) deem it physically sound to use the 
electron concentration as a criterion for the determination of the chemical 
composition at which the w phase is formed during the hardening of the alloys. 
On this basis, they attempted (ref. 6) to generalize the existing literature 
data on the physical and mechanical properties of alloys with the w phase to 
the kinetics and mechanism of the B ~ w transformation as well. 
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N. V. Ageyev and L. A. Petrova (ref. 5) have also concluded that the role 
of the electron concentration is important in stabilizing the metastable 8B 
solid solutions of titanium with various transition elements which follow the 
w phase in composition. 


Another group of researchers, mainly foreign ones (refs. 11, 25-29), 
regard the w phase as an intermediate phase forming as a result of a redistri- 
bution of the alloying elements in the B solid solution in the course of 
hardening or tempering of alloys. They do not, however, explain the role of 
the "critical" concentration of the alloying elements in the formation of 
this phase and do not discuss the nature of the mechanism of its formation. 


A serious impediment to the treatment of the w phase as an electron-type 
compound is, in our view, the experimental fact that the w phase has been 
observed in alloys of titanium with zirconium (refs. 14, 431), in which the 
electron concentration remains unchanged over the entire region of composi- 
tions, according to the method of calculation adopted in refs. 2, 6 


In our view, the following facts are important in understanding the nature 
of the w phase and in the establishment of the conditions and mechanism of its 
formation : 


L. The w phase is the product of transformation of the metastable 6 solid 
solution. The process of the B ~ w transformation never reaches completion, 
i.e., the disappearance of the 8 solid solution; the w phase always coexists 
with the metastable B phase. 


| 2. The Lattice constants of the w phase are practically independent of 
the conditions of formation (hardening or tempering) or of the type of alloy- 
ing elements. 


4. The process of 8B ~ w transformation on hardening alloys from the 
"eritical” concentration takes place at approximately the same or neighboring 
martensite temperatures (M,) which are relatively low (~300-500°), indepen- 
dently of the alloying elements. 


4, The temperature of formation of the w phase during the tempering of 
more highly alloyed metastable solid solutions is approximately 180-500° and 
is practically equal to the temperature of formation of the w phase during 
hardening (M,). 


5. The formation of the w phase is always accompanied by an increase in 
the density of the alloys. 


6. As was noted above, a characteristic feature of the w phase is that it 
does not show up under the microscope or the electron microscope and that dif- 
ficulties arise in the interpretation of its crystal structure. 


The above experimental facts lead to the following conclusions: 


First, the constancy and independence of the lattice constants of the w 
phase from the conditions of formation (hardening of the alloys from the 
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"eritical" concentration and tempering of more highly alloyed metastable 6 
solid solutions) indicate its identical chemical composition in the case of 
alloys of the same kind. 


Second, the constancy of the lattice constants of the w phase in alloys of 
various systems indicates the same contribution made by different elements to 
the formation of the structure and parameters of the w phase. Therefore, the 
chemical composition at which the w phase is formed in titanium alloys of vari- 
ous systems can be termed the "equivalent" composition. 


In this connection, it should be expected that individual volume elements 
of an individual B solid solution which have undergone the B ~ w transforma- 
tion should generally have, independently of the alloying element, the same or 
a similar state characterized primarily by a closeness in the value of the 
lattice constant. This assumption should be obviously more applicable to 
alloys with the "critical" concentration of the alloying elements, since in 
the latter the greatest number of volume elements undergo the B ~ w transforma- 
tion on hardening, and hence, the original chemical composition of these alloys 
will provide the truest and most reliable reflection of the changes which they 
induce in the lattice constant of B-Ti. | 


The data available in the literature constitute a sufficiently reliable 
confirmation of this conclusion. The authors of ref. 1 found that the lattice 
constant of the B solid solution of the systems Ti - W, Ti - Mo, Ti - Cr, 

Ti - Mn, which undergoes a 8 ~ W transformation on hardening, has approximately 
the same value equal to 3.255-3.26 kX. 


The data of ref. 1 and the results of other investigations (refs. 42-37) 
of the lattice constant of the Bp phase also indicate its linear variation with 
the composition for various alloying elements over a wide region of existence 
of 8 solid solutions. Alloy compositions during the hardening of which the w 
phase is formed also follow this dependence. Hence, the main and overriding 
significance of the chemical composition of an alloy in the formation of a meta- 
stable phase including the w phase does not lie in a special function or special 
nature of the initial composition as such, but in the change which this composi- 
tion induces in the principal parameter of the martensite transformation, i.e., 
the temperature M_, since the structure of the products of the transformation, 
their chemical composition, and the degree of metastability will depend on the 
level of the temperature of the martensite transformation and the time during 
which they are exposed to this temperature. 


Thus, the analogy and similarity in the structure of various metastable 
phases in the systems of titanium with various elements characterized by the 
same type of interaction result from a similarity or closeness of the values 
of the temperatures of martensite transformations. Furthermore, the similarity 
in the values of the temperatures of martensite transformations and tempering 
temperatures at which the w phase forms in the alloys may indicate an identity 
of its physical nature and a single common mechanism of formation, not two 
mechanisms, which would be the diffusionless, i.e., martensitic mechanism, and 
the diffusion mechanism, as is sometimes indicated in the literature (refs. 30, 


38). 
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By analogy with the conditions of formation of the w phase, one can expect 
that other § solid solutions of various systems with different contents of 
alloying elements will also undergo a 8B ~ @ transformation during hardening at 
the same martensite temperatures (M_) if the value of the constant of the ini- 
tial B solid solutions was the same. 


From the above there follows a scientifically and practically important 
statement of the problem which essentially amounts to the following: since the 
temperature level of the martensite transformations determines the structure 
of the alloys hardened from the B region and hence their properties, then in 
order to be able to control the process of phase transformations including the 
martensite kinetics, in order to correctly determine the chemical composition 
of the alloys and to know the optimum possibilities of these alloys, one must 
know the physical nature of the temperatures of the martensite transformations 
(M_), i.e., establish the causes of such pronounced influence of chemical com- 
position on M_, the independence of M, from the cooling rate when the critical 
rate is reached, etc. 


According to refs. 40-42, the temperature range of formation of the w phase 
during the hardening of alloys is, as was noted above, characterized by a com- 
paratively low value (~ 300-5009). At such temperatures, the displacements of 
the atoms in the titanium alloys are markedly hindered, but are still possible 
under certain specific conditions. Therefore, it may be assumed that the pro-. 
cess of the 8 ~ @ transformation which has started at comparatively low tem- 
peratures in various volume elements and which takes place at these temperatures 
during an extremely short time interval (in the course of hardening) does not go 
to completion, i.e., does not reach the formation of the low-temperature hexa- 
gonal crystal lattice of Q-Ti, but stops at some intermediate stage (actually, 
this process also takes place at room temperature at an extremely slow rate). 
For this reason, such a state of the alloy, characterized by a partial dis- 
placement of the atoms in various volume elements of the metastable B solid 
solutions and called the w phase, shows up neither under the microscope nor 
under the electron microscope, does not cause the formation of an acicular re- 
lief, and is actually observed only by means of x-ray diffraction. This is 
what causes the obstacles encountered in the interpretation of the crystal 
structure of the w phase. 


The formation of the w phase in the course of tempering also indicates the 
necessity of redistribution of the alloying elements in the initial B solid 
solution over impoverished spaces which satisfy the B ~ w transformation in com- 
position, and over enriched portions, which become more stable. This has been 
experimentally confirmed by several authors (refs. 14, 39) who studied the decom- 
position kinetics. Such a phenomenon is called the demixing of 8B solid solutions. 


Data on the density of metastable alloys seemed very important to us for 
expanding and deepening the concepts of the transformation processes. Based on 
the difference in the crystal structure of the end products of the transforma- 
tion of titanium (a- and 8-Ti) and the great difference in the parameters a 
and c of the hexagonal crystal lattice, it may be assumed that in the process of 
the B~a@ transformation, certain atoms of the original unit cell execute displace- 
ments which are different in magnitude. Apparently, the atoms which form param- 
eter c in the @ lattice (we shall refer to them as c atoms) are displaced to a 
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greater extent in the process of the @9 2 8 transformation than are the a atoms 
making up parameter a. 


The observed increase in the density of the alloys upon the formation of the 
® phase as compared to the density of the equilibrium alloys with the @ + 8 
structure makes it possible to state that in the process of the rearrangement of 
a cubic lattice into a hexagonal one, the c atoms come closer together. The fix- 
ation of this state constitutes the essence of the formation of the w phase, i.e., 
the first stage of the 8 ~ Q@ transformation. A further displacement of these 
atoms, executed as the temperature is raised, carries the formation of the hex- 
agonal crystal lattice to completion and leads to the appearance of an acicular 
microrelief, i.e., to the formation of supersaturated @' solid solutions. The 
decrease in density and the formation of an acicular microstructure observed 
during the second stage of the transformation indicate that in the course of 
their further movement, having passed the energy barrier during their approach, 
the atoms diverge in different directions to somewhat greater distances than in 
the equilibrium a lattice. This process can be visibly manifested only during 
heating, when conditions are created for the expulsion of the excess quantity of 
atoms from regions undergoing the B ~ @ transformation, to a composition corre- 
sponding to the formation of supersaturated @' solid solutions. The B ~@ 
transformation and the process of redistribution of the alloying elements in 
the initial 6B solid solution constitute one and the same process, since the 
latter involves the same moving forces and the same mechanism of the elementary 
event of displacement of atoms. This process constitutes the essence of 
kinetics of martensite transformations. 


Thus, the polymorphic 8B 2a transformation occurs in at least two stages. 


In alloys with a lower content of alloying elements up to pure titanium, 
the process of the martensite B ~ @ transformation does not, in our opinion, 
differ in mechanism from the above-described case of the w phase. The differ- 
ence lies only in the kinetics, i.e., in the rate at which the individual 
stages of transformation take place. In the case under consideration, the in- 
termediate state with the w phase cannot be fixed because the displacements of 
the atoms occur at an appreciably higher rate and are carried to completion, 
resulting in the formation of an ad crystal lattice. 


However, if conditions are created which hinder such a transformation, 
for example; by means of hydrostatic pressure, then it might be possible to 
identify a state similar to the w phase in alloys with lower contents of alloy- 
ing elements and in pure titanium. 4 


Another indirect proof of the two-stage occurrence of the process in low 
alloys of titanium and in titanium itself are volume changes. By analogy with 
the volume effect in a B ~ w transformation, one should expect that the occur- 
rence of the first stage of the 8 ~ @ transformation should be accompanied by 


Larter the manuscript of the article was sent to the publisher, the paper of 
J.C. Jamilson appeared (Science, 1963, 140, No. 3562) which reported the 
formation of the w phase in titanium and zirconium at high temperatures. 
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an increase in density, i.e., a decrease in volume, and that the occurrence of 
the second stage (w ~ @') should be associated with a decrease in density. 


Finally, in alloys with a higher content of alloying elements than the 
"eritical" concentration, the process of 8B ~ @ transformation does not begin 
at all, i.e., does not manifest itself to any appreciable extent, since the 
temperature of the martensite transformation in the case of extrapolation of 
the corresponding curves is close to room temperature. 


Such a state has been termed stabilization of an unstable B solid solu- 
tion. <A study of its decomposition on slight heating makes it possible to 
follow and identify all the stages of the 8 ~ @ transformation under condi- 
tions where its course has been slowed down. 


Conclusion and Formulation of New Investigations 


Summing up the results of the examination of the available data and their 
analysis, one can conclude that the w phase, which is the product of an in- 
complete polymorphic 8 ~- @ formation, constitutes one of the stages or steps 
of this process. The incompleteness of the process results from the low tem- 
perature of the start of its appearance. At such a temperature, the redis- 
tribution of the alloying elements in the initial metastable 8 solid solution 
over impoverished and enriched regions as well as its further expansion and 
occurrence in a hard elastic medium preventing this transformation are hindered 
before the formation of a close-packed hexagonal crystal lattice. In this 
process, the stage of formation of the w phase has a beginning, but no end. 


The other metastable phases essentially express the step of completion of 
the B ~ @ transformation. 


In crystal structure, a! and a" phases are the products of the completed 
transformation, whereas in the metastable B phase such processes have not be- 
gun at all, i.e., this phase is one with the greatest nonequilibrium character. 


In evaluating the problem of the 8B ~ @ transformation, the physical nature 
of the elementary event of the process of 8 ~ w transformation and its moving 
forces remain unclear, and the kinetics of the transformation and formation of 
metastable phases have not been determined. The physical meaning of the tem- 
perature of martensite transformations and its strong dependence on the chemical 
composition have not been accounted for. The factors determining a definite 
chemical composition of the w phase which frequently but not always corresponds 
to approximately the same electron concentration per atom have not been estab- 
lished. Because these and other problems have not been solved, the causes of 
such pronounced influence of the structure of metastable alloys on the physical 
and mechanical properties and the completely new properties acquired by them 
remain insufficiently clear. 


Hence, it becomes necessary to conduct further investigations which will 


bring us closer to the knowledge of the phenomena taking place in metals and 
alloys. 
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In planning new investigations, we proceed from the concepts that the pro- 
cess of polymorphic 8B 2aQ transformations, i.e., the process of rearrangement 
of one order in the distribution of atoms into another under the influence of 
temperature, pressure of composition, consists in the loss of elastic stability 
of one crystal lattice and its transfer into another, more stable state under 
the given conditions. 


Important information in this regard may be obviously obtained by study- 
ing elastic properties. To this end, we have carried on for a number of years 
systematic investigations of elastic constants (Young's modulus, shear modulus 
and Poisson's ratio) of binary, ternary and more complex titanium alloys as a 
function of the composition and structure. 


It is well known that the metastable @', a", w and 8 phases discussed 
above are formed in alloys of titanium with transition elements whose inter- 
action is characterized by: 


(1) An unlimited solubility in 6-Ti and a low solubility in a-Ti, but 
one that increases with rising temperature (molybdenum, vanadium, niobium, 
tantalum); 


(2) A high or unlimited solubility in 6-Ti and a very low and decreasing 
solubility in Q-Ti with decreasing temperature below the eutectoid temperature, 
at which the 6B solid solution undergoes a eutectoid decomposition (chromiun, 
iron, manganese, cobalt, nickel, etc.). 


Thus, in order to attempt an observation of the common and diverse phe- 
nomena of the formation of metastable phases and to be able to compare these 
data with one another and with the phase diagram, we studied the elastic 
properties of alloys of a series of systems both of the first type! (Ti - Mo, 
Ti - V, Ti - Nb, Ti - Ta, Ti-Mo-V, Ti - Mo - Nb, Ti - V - Nb and Ti - Mo - 
V - Nb) and second type® of interaction (Ti - Cr, Ti - Fe, Ti - Co, Ti - Mn, 
Ti - Wi). 


The results of the investigation and their analysis will be presented in 
the next paper. 


lin cooperation with O. K. Belousov. 
In cooperation with Ye. P. Sinodova. 
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“The aeronautical and space activities of the United States shall be 
conducted so as to contribute ... to the expansion of human knowl- 
edge of phenomena in the atmosphere and space. The Administration 
shall provide for the widest practicable and appropriate dissemination 
of information concerning its activities and the results thereof.” 


—NATIONAL AERONAUTICS AND SPACE ACT OF 1958 
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nology used by NASA that may be of particular interest in commercial and other 
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Details on the availability of these publications may be obtained from: 
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